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Abstract

Mobile data traffic is anticipated to surpass 49 exabyte per month by 2021. Smartphones, as
the main factor of generating this huge data traffic (86%), are expected to require average speed
connection of 20 Mbps by 2021. Light-fidelity (LiFi) is a novel bidirectional, high-speed and
fully networked optical wireless communication and it is a promising solution to undertake
this huge data traffic. However, to support seamless connectivity in LiFi networks, real-time
knowledge of channel state information (CSI) from each user is required at the LiFi access point
(AP). The CSI availability enables us to achieve optimal resource allocation and throughput
maximization but it requires feedback transmitted through the uplink channel. Furthermore,
the important aspects of the indoor LiFi channel such as the random orientation of user device,
user mobility and link blockage need to be carefully analysed and effective solutions should be
developed.

In contrast to radio frequency (RF) channels, the LiFi channel is relatively less random. This fea-
ture of LiFi channel enables a potential reduction in the amount of feedback required to achieve
high throughputs in a dynamic LiFi network. Based on this feature, two techniques for reduc-
ing the amount of feedback in LiFi cellular networks are proposed: 1) limited-content feedback
scheme based on reducing the content of feedback information and 2) limited-frequency feed-
back scheme based on the update interval. It is shown that these limited-feedback schemes can
provide almost the same downlink performance as full feedback scheme. Furthermore, an opti-
mum update interval which provides maximum bidirectional user equipment (UE) throughput,
has been derived.

Device orientation and its statistics is an important determinant factor that can affect the users
throughput remarkably in LiFi networks. However, device orientation has been ignored in many
previous performance studies of LiFi networks due to the lack of a proper statistical model. In
this thesis, a novel model for the orientation of user device are proposed based on experimental
measurements. The statistics of the device orientation for both sitting and walking activities are
presented. Moreover, the statistics of the line-of-sight (LOS) channel gain are calculated. The
influence of random device orientation on the received signal-to-noise-ratio (SNR) and bit-error
ratio (BER) performance of LiFi systems has been also evaluated.

To support the seamless connectivity of future LiFi-enabled devices in the presence of random
device orientation, mobility and blockage, efficient handover between APs are required. In this
thesis, an orientation-based random waypoint (ORWP) mobility model is proposed to analyze
the performance of mobile users considering the effect of random device orientation. Based on
this model, an analysis of handover due to random orientation and user mobility is presented.
Finally, in order to improve seamless connectivity, a multi-directional receiver (MDR) configu-
ration is proposed. The MDR configuration shows a robust performance in the presence of user
mobility, random device orientation and blockage.



Lay summary

In order to address future data traffic growth, plenty of studies and research have been carried out.
Recently, a novel technology called light-fidelity (LiFi) has gained attention, as it is considered
as a promising solution to fulfil future data requirements. In LiFi systems, data is transmitted
by turning a light-emitting diode on and off very quickly, which is not detectable by the human
eye. LiFi can be employed as a complementary structure along with radio frequency networks.
The possible challenges of realizing the full potential of LiFi systems are user mobility, random
device orientation and link blockage, which are studied in this thesis.

Feedback is one solution to leverage the performance in wireless networks. However, this at
the cost of low uplink throughput. Hence, limited-feedback mechanisms can help to reduce the
amount of feedback while maintaining the downlink performance close to real-time feedback
schemes. Two techniques for reducing the amount of feedback in LiFi systems are proposed:
1) limited-content feedback scheme based on reducing the content of feedback information and
2) limited-frequency feedback scheme based on the update interval. Furthermore, an optimum
update interval has been derived, which provides maximum bidirectional throughput for mobile
users.

Device orientation is another important factor in a LiFi system, which has been modeled based
on experimental measurements of forty participants. The experimental measurements have been
carried out for both sitting and walking activities. Hence, the model is valid for both mobile and
static users. Based on this model, the performance of LiFi systems in a real-life scenario has
been evaluated.

To support seamless connectivity for mobile users within a LiFi system with several access
points (APs), handover between APs is required. In LiFi networks, the device orientation may
also lead to handover between different APs. In order to provide a more realistic framework
for user mobility in LiFi networks, the device orientation should be also incorporated with the
mobility model.

Finally, we proposed a new configuration for location of photodiodes, in which the photodiodes
are located on different sides of a smartphone. This configuration exhibits a robust performance
in the presence of random device orientation, user mobility and blockage. This new configura-
tion is a promising solution for future LiFi-enabled smartphones.
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Chapter 1
Introduction

1.1 Motivation

The increasing demand for wireless data, which is expected to be 49 exabytes by 2021 [1],

motivates both academia and industry to invest in alternative techniques. These include mil-

limeter Wave (mmWave), massive multiple-input multiple-output (MIMO), free space optical

communication and Light-Fidelity (LiFi) to support the data traffic growth and next-generation

high-speed wireless communication systems. Among these technologies, LiFi is a novel bidi-

rectional, high-speed and fully networked wireless communication technology. LiFi uses visible

light as the propagation medium in the downlink for the purposes of illumination and commu-

nication. It may use infrared in the uplink so that the illumination constraint of a room remains

unaffected, and also to avoid interference with the visible light in the downlink [3, 4]. LiFi

offers considerable advantages in comparison to radio frequency (RF) systems. These include

the very large, unregulated bandwidth available in the visible light spectrum (more than 103

times greater than the whole RF spectrum), high energy efficiency, the rather straightforward

deployment which uses off-the-shelf light emitting diodes (LED) and photodiode (PD) devices

at the transmitter and receiver ends respectively, and enhanced security as light does not pene-

trate through opaque objects [5]. Furthermore, LiFi can be used in any RF restricted area such

as hospitals and airplane cabins. These important benefits of LiFi have made it favorable for re-

cent and future research. Throughout this thesis, the term LiFi refers to a bidirectional wireless

communication system with visible light and infrared being used in the downlink and uplink,

respectively. Terms optical wireless communication (OWC) and visible light communication

(VLC) refer to wireless data communications by means of any optical spectrum and visible light

spectrum, respectively, either for downlink or uplink.

In order to realize the full potential of LiFi cellular networks, many aspects of LiFi still need to

be carefully studied. One of these aspects originates from the inherent difference of channels
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in LiFi and RF. In fact, the LiFi channel is relatively deterministic, which permits a potential

improvement of the bidirectional user throughput by reducing the amount of feedback. This is

more pivotal in multiuser scenarios where the access point (AP) requires channel state infor-

mation (CSI) from all users to efficiently allocate the available resources to the users. Device

orientation, user mobility and link blockage are the other important aspects of indoor LiFi net-

works. These factors and in particular, random device orientation can highly affect the system

performance and seamless connectivity. Hence, in order to develop effective solutions and sup-

port seamless connectivity, they require further analysis. In the following, these aspects are

explained more in details.

By employing multiple access (MA) techniques such as time division MA (TDMA), orthogo-

nal frequency-division MA (OFDMA), code division MA (CDMA) and carrier-sense MA with

collision avoidance (CSMA/CA), LiFi can support multiuser communications. However, like

any other technology for data communication, in order to provide a better user quality of service

(QoS), a channel adaptive mechanism is required, which can be realized by means of feedback

from users. The channel adaptive mechanism is a well-known technique that brings performance

enhancement in user throughput [6]. Channel adaptive methods require information about the

channel condition at the transmitter, which is referred to as CSI. Many channel adaptive tech-

niques are considered to be impractical due to necessitating lots of information at the transmitter.

The AP in many systems such as frequency division duplex (FDD) where separate frequency

bands are used at the downlink and uplink, cannot employ techniques such as training to obtain

the CSI. LiFi also due to the separation of frequency band on downlink and uplink, requires

an alternative method to be informed about the channel condition at the receiver. The solu-

tion is that the receiver frequently sends back the channel information (such as signal-to-noise

ratio, interference level or received power) to the AP. This would be at the cost of uplink degra-

dation. The amount of feedback varies for different channel conditions. Generally, the value

is greater for channels that often change, while it is smaller for fairly deterministic channels.

The other factor that affects the amount of feedback is the MA scheme. For instance, the AP

requires the CSI of all subcarriers from all users if OFDMA is employed, which would be a

considerable amount especially for large number of subcarriers. However, research has shown

that transmitting a small amount of information about the channel can also provide near optimal
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Figure 1.1: Global Mobile Traffic Growth by Device Type [1].

channel adaptation [6–9]. These techniques are known as limited feedback methods that can

also be employed in LiFi networks. However, in contrast to RF channels, the LiFi channel is

relatively deterministic, hence the amount of transmitted feedback can be reduced further with-

out any significant downlink throughput degradation. This motivates us to propose two novel

limited feedback schemes for LiFi networks. One is for reducing the content of feedback and the

other for decreasing the frequency of feedback transmission, which are called limited-content

feedback and limited-frequency feedback schemes, respectively.

Random device orientation is another important factor that can affect the received signal-to-noise

ratio (SNR) and as a result the throughput remarkably in mmWave and LiFi networks [10–12].

Both mmWave and LiFi are two promising technologies that are expected to be a part of the

future 5th generation (5G) to fulfill its high data rate requirements. However, in both systems,

hand-held devices such as smartphones, are prone to random changes in orientation due to hand

motion. Smartphones are the most significant and indispensable part of the mobile traffic and

thus, they necessitate analysis of random orientation for purposes of resource management and

handover protocol design. It is predicted that smartphones generate more than 42 exabytes per

month (86% of the mobile data traffic) as shown in figure 1.1 [1]. In order to analyze the effect

of random device orientation on the channel gain and received SNR, we need a proper model
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for the random device orientation. Some studies have been done on device orientation, however,

none of them are supported by a valid model through experimental measurements [13–25]. To

the best of our knowledge, there is no model for the device orientation, hence, an experiment

is conducted to develop a statistical model for the orientation of mobile devices. Based on this

model, we are able to find the statistics of the channel gain and SNR in both optical wireless [10]

and mmWave systems [11]. In this research, an analyses of device orientation supported by

experimental measurements is provided. A new model for device orientation is proposed and its

statistics are presented in this work. Based on the proposed model, the effect of random device

orientation on the point-to-point communication metrics such as SNR and bit-error ratio (BER)

has been studied.

LiFi as a fully networked subset of OWCs should be able to support seamless connectivity for

mobile users. According to [1], the connection speed of mobile devices is expected to be about

27.8 Mbps for tablets, and about 20.4 Mbps for smartphones by 2021, as shown in figure 1.2.

This growth in connection speed of mobile devices can be supported thanks to the future LiFi-

enabled devices. However, due to the small cell radius of LiFi networks, which is in the order of
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a few meters, and compared to the average walking speed of human, v = 1 m/s [26], a mobile

user might only stay in a LiFi cell for a few seconds. Solutions such as integrated RF-based/LiFi

networks are proposed in [15, 27, 28]. In these hybrid networks, when the user is static it is

served by the LiFi network and when mobile it will be connected to an RF-based network such

as wireless fidelity (WiFi) or long term evolution (LTE) networks. In a LiFi standalone cellular

network and to support seamless connectivity, the connection has to handed over between APs

without loss or interruption of service. However, the challenge facing the employment of con-

ventional handover mechanisms from RF-based cellular networks for LiFi would be frequent

handovers because of the user mobility and random device orientation. Due to the inherent

difference of LiFi and RF-based networks, it is not appropriate to adopt the same handover pro-

tocols from RF networks to LiFi networks. Hence, an analysis of device orientation, mobility

and also simultaneous effect of them are required to design an efficient LiFi-capable handover

protocol. Another practical solution to support seamless connectivity will be implementing a

PD at each side of a smartphone [29] and use all APs for transmitting the same data to the users.

However, utilizing all APs for transmitting the same data decreases the spectral efficiency of the

system. Spatial modulation (SM) can leverage the spectral efficiency, which can be integrated

with the implementation of multiple PDs at the smartphones. This technique is introduced in

this research, which is known as multi-directional receiver (MDR). The robust performance of

MDR in the presence of random device orientation, user mobility and blockage is shown.

In this research thesis and in order to fully utilize the potential of LiFi cellular networks, the

aforementioned aspects and challenges are discussed and effective solutions are provided. The

detailed contributions of this research thesis are presented in the next section.

1.2 Contribution

In this thesis, a LiFi network is considered and methods of feedback reduction are introduced.

Then, analysis of random user equipment (UE) orientation and user mobility to support seamless

connectivity are presented. A new MDR configuration is proposed and its performance is evalu-

ated in the presence of random device orientation, user mobility and link blockage. Theoretical

expressions and models are expressed and the accuracy of the analytical models are validated by
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Monte-Carlo simulations. In fact, this thesis aims to address the following objectives:

• Reducing the amount of feedback in LiFi networks to improve bidirectional user throughput.

• Providing a model for device orientation supported by experimental measurements.

• Supporting seamless connectivity in LiFi networks in the presence of user mobility, device

orientation and blockers in the environment.

Following the first research goal, two techniques for reducing the amount of feedback in LiFi

cellular networks are proposed: 1) limited-content feedback scheme based on reducing the con-

tent of feedback information and 2) limited-frequency feedback scheme based on the update

interval. Furthermore, based on the random waypoint (RWP) mobility model, the optimum up-

date interval, which provides maximum bidirectional user throughput, has been derived. It is

noted that to find the optimum update interval feedback time, we only considered the effect of

user mobility as it has the dominant effect compared to the random orientation. Referring to the

experimental measurements of random device orientation reported in [10], the variation around

the mean angle is fairly small. However, the methodology proposed to obtain the optimum up-

date interval can be extended to include the random orientation of UE as well. Furthermore, a

modified CSMA/CA protocol for the uplink of LiFi is proposed to address the severe problem of

hidden nodes in LiFi networks. The contributions of this work are published in two conference

papers ACM VLCS [30] and IEEE PIMRC [31], and one journal paper in IEEE Transactions on

Communications [4].

With respect to the second research objective, a novel model for device orientation based on

experimental measurements of forty participants has been proposed. It is shown that the proba-

bility density function (PDF) of the polar angle can be modeled either based on a Laplace (for

static users) or a Gaussian (for mobile users) distribution. In addition, a closed-form expres-

sion is derived in [10] for the PDF of the cosine of the incidence angle based on which the

line-of-sight (LOS) channel gain is described in optical wireless channels. An approximation

of this PDF based on the truncated Laplace is proposed and the accuracy of this approximation

is confirmed by the Kolmogorov-Smirnov distance (KSD) test. Moreover, the statistics of the

LOS channel gain are calculated and the random orientation of a UE is modeled as a random

process. The influence of the random orientation on SNR performance of LiFi systems has been
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evaluated. By means of the PDF of SNR, the BER of a direct-current biased optical orthogo-

nal frequency division multiplexing (DCO-OFDM) in additive white Gaussian noise (AWGN)

channels is evaluated. A closed-form approximation for the BER of the UE with random ori-

entation is presented which shows a close match with Monte-Carlo simulation results. The

contributions of this work are in one published journal in IEEE Transactions on Communica-

tions [10], one published journal in IEEE ACCESS [18] and one accepted conference paper in

IEEE WCNC [32].

Finally, regarding the third research goal, a new orientation-based random waypoint (ORWP)

mobility model is introduced that incorporate the random device orientation with the conven-

tional RWP mobility model. Based on this model, an analysis of handover due to random

orientation and user mobility is presented. Next, we consider two configurations for placing

the PDs on the UE. The first one is referred to as the screen receiver (SR) whereby all the PDs

are located on one face of the UE, e.g., the screen of a smartphone, whereas the other one is

an MDR, in which the PDs are located on different sides of the UE. The latter configuration is

motivated by the fact that SR exhibited poor performance in the presence of random device ori-

entation and blockage. To improve the spectral efficiency, we adopt SM, which has been shown

to be energy efficient as well in many applications, including LiFi. Moreover, an adaptive AP

selection scheme for SM is considered where the number of APs are chosen adaptively in an

effort to achieve the lowest energy requirement for a target BER and spectral efficiency. The

contributions of this work are in one conference paper, IEEE WCNC [14], and one submitted

journal, IEEE Journal on Selected Areas in Communications [19].

1.3 Thesis Layout

The rest of this thesis is organized as follows. In Chapter 2, the concept of LiFi networks and

the channel model are presented. The device orientation, mobility model and blockage are also

introduced in this Chapter.

In Chapter 3, two methods to reduce the feedback are introduced. The optimum update interval

based on the RWP mobility model is derived that provides maximum bidirectional user through-

put. The impact of different parameters such as user velocity and transmitted downlink optical
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power on the optimum update interval is studied in this Chapter.

Device orientation models supported by experimental measurements for static and mobile users

are proposed in Chapter 4. The effect of random device orientation on the channel gain and

SNR has been investigated, where an analytical model for the PDF of channel gain and SNR

are developed. Finally, the effect of random orientation on the error performance of point-to-

point communication is assessed and a closed-form approximation for the BER of UE with the

random orientation is derived.

In Chapter 5, an analysis of handover due to random orientation and user mobility is presented.

Then, the effects of mobility, random orientation and blockage on the performance of MDR

are investigated while adopting a channel model derived from real-life measurements. Perfor-

mance metrics such as SNR and BER are considered and the efficiency of MDR is compared

to the conventional SR configuration. In addition, an adaptive SM scheme based on AP se-

lection is considered to overcome the effect of random orientation and blockage. It is shown

that MDR provides superior performance and can be considered as a practical choice for future

LiFi-enabled smartphones.

Chapter 6 summaries the key findings of this research thesis. Conclusions are presented in this

Chapter. Additionally, limitations and future work of this research topic are discussed.

1.4 Summary

The rapid growth in mobile data traffic motivates both academia and industry to consider alter-

native techniques such as mmWave and LiFi. LiFi is a bidirectional and high-speed wireless

networked system that offers considerable benefits compared to RF systems. Hence, it has

gained a lot of attentions recently. However, to realize the full potential of LiFi systems, the

inherent difference of channel in LiFi and RF-based networks needs to be taken into account.

Furthermore, to provide seamless connectivity for users, aspects such as random device orienta-

tion, user mobility and blockage are required to be studied carefully. In this thesis, the effects of

these factors are studied on the system performance and effective solutions are proposed.

8



Chapter 2
Background

2.1 Introduction

The first experiments that used visible light as a means of communication originated from

smoke-beacon systems. Afterwards, in the 19th century, Alexander Graham Bell invented a

photophone that could transmit voice messages at a distance of 200 m. The photophone relied

on reflected sunlight on a vibrating mirror and a selenium photocell to convey voice via a visible

light beam [33, 34]. The British Navy started to communicate through light by means of signal

lamps in the late 19th century. These are some examples of initial methods that used visible light

as a means of communication. Inspired by these pioneering ideas, the KEIO research group in

Japan launched the implementation of data transmission through visible light by using LEDs in

2000 [35]. This was then followed by creation of the visible light communications Consortium

(VLCC) in 2003, and the development of the initial and basic concept of the VLC channel model

in 2004 [36]. Later, in 2011, Haas introduced LiFi at a TED Global Talk, claiming that unlike

VLC, LiFi is a fully-networked bidirectional system, rather than a point-to-point communication

technique [3].

In the recent years, especially with the appearance of LiFi with advantages such as providing

illumination, high-speed data communication and very accurate indoor localization, LiFi is con-

sidered to have a promising market in the future [37]. The optical spectrum can be considered

as one of the best resource spectra for wideband wireless communications. It can be performed

in the infrared (IR), the visible light and the ultra-violet spectra. The main applications of OWC

are free-space optical (FSO) communication for long distance transmission and, IR-based com-

munication and VLC for short-range indoor applications [38]. Wireless IR communication was

introduced through the work of Gfeller and Bpst in 1979 [39], where data rates of 100 kbps

with a diffuse link were achieved. Later, Kahn and Barry developed channel models for LOS

and non-line-of-sight (NLOS) optical wireless links [40]. Visible light as another portion of the
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optical spectrum which occupies the frequency spectrum between 400 THz to 790 THz has been

recently considered as a potential and promising base for high-speed broadband data commu-

nication. The high-speed VLC is in fact a result of recent development in opto-electronics and

solid state lighting technology, such as LEDs, laser diodes (LDs) and PDs. LEDs as the future

of lighting providers are anticipated to be replaced with the conventional fluorescent lamps in

the coming decades due to their energy efficiency. This trend facilitates the use of LEDs in LiFi

networks.

LiFi is a novel bidirectional, high-speed and fully-networked OWC system which can be em-

ployed as a complementary structure along with RF networks [3]. LiFi utilizes visible light and

IR spectra in the downlink and uplink, respectively, and provides high data rates over short dis-

tances [4]. Compared to RF networks, LiFi offers notable benefits such as enhanced security,

utilizing a very large and unregulated bandwidth and energy efficiency. These advantages have

put LiFi in the scope of recent and future research. Therefore, many research and development

groups in both academia and industry are currently working on standardization and commercial-

ization of VLC and LiFi.

The first standardization related to VLC was announced by VLCC in Japan [41]. A VLCC

specification standard which adopted and developed the IR data association (IrDA) physical

layer was published in March 2009. The institute of electrical and electronics engineers (IEEE)

issued the “IEEE Standard for Local and Metropolitan Area Networks, Part 15.7: Short-Range

Wireless Optical Communication Using Visible Light” in 2011, which covered both the new

physical and medium access control (MAC) layers [42]. Later in 2014, a task group called

P802.15.7r1 was formed to write a revision to the IEEE 802.15.7−v2011 [43]. In the new draft,

some options were included for VLC, namely: i) optical camera communications that utilize

flash lights, image and displays sensors as the front-end devices; ii) LED-ID that employs LEDs

for the purpose of identification; iii) LiFi as a bidirectional and high-speed wireless network

that uses visible light. Moreover, a task group for LiFi in IEEE 802.11 already exists for the

standardization of light communication [44].
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Figure 2.1: A typical LiFi downlink transmission with commonly used front-end elements at the
transmitter and receiver.

2.2 LiFi Channel

A typical LiFi downlink transmission is shown in figure 2.1. The transmitted optical signal,

x(t), after passing through the channel, with the channel impulse response (CIR) of h(t), will

be received at the PD. Let’s denote the received current at the PD by y(t), then, we have:

y(t) = Rh(t)⊗ x(t) + n(t), (2.1)

where R is the optical to electrical responsivity of the PD in A/W; and n(t) is the noise at the

receiver. The symbol “⊗” stands for a convolution operator. The channel can be described as a

baseband linear time-invariant (LTI) system with the frequency response of:

H(f) =

∫ ∞
−∞

h(t)e−2πftdt, (2.2)

where H(f) = F{h(t)} is the Fourier transform of h(t) and  =
√
−1 is the imaginary num-

ber. The CIR, h(t), includes the effect of both front-end elements and the effect of an indoor
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liFi channel. Note that front-end elements encompass both transmitter and receiver components

such as digital signal processors (DSPs), an analog to digital converter (ADC), a digital to ana-

log converter (DAC) and a transimpedance amplifier (TIA). Therefore, the channel gain can be

characterized as:

h(t) = hfe(t)⊗ how(t), (2.3)

where hfe(t) shows the CIR of the front-end elements and how(t) denotes the CIR of the indoor

LiFi. Hence, in the frequency domain, we have:

H(f) = Hfe(f)How(f), (2.4)

where Hfe(f) and How(f) are the Fourier transform of hfe(t) and how(t), respectively. In the

next subsections, we study the CIR of front-end elements and indoor LiFi in detail.

2.2.1 Front-end Elements

As illustrated in figure 2.1, the front-end elements can be classified as transmitter/receiver front-

end elements, which are discussed in detail in the following.

2.2.1.1 Transmitter Front-end Elements

At the transmitter, DSP, DAC and LED/LD are used. The DSP component converts the input

information bits to digital signals and then, the DAC unit converts the digital signals to analogue

current signals. Finally, the analogue current signals are fed into the LED/LD and they are

converted into optical light power with various intensities. This is the most favorable and viable

modulation for LiFi and is known as intensity modulation (IM). In LiFi systems, LEDs are

mainly used as optical source. White LEDs can used for both illumination and communication

purposes. Two types of commercial white LEDs are being used. The first one is red-green-

blue (RGB) LED. This LED results in white optical light by combining three color components

generated by different set of devices [45]. The second type of LEDs with white light is a blue

LED chip covered by a yellow-phosphor coating. The emission of narrow blue spectrum can be

absorbed and efficiently re-emitted by phosphor coating. The restricting factor of utilizing this
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kind of LEDs is that the absorption and re-emission time of phosphor is slow. Hence, the 3-dB

bandwidth of these LEDs is in the order of 2− 10 MHz [46].

2.2.1.2 Receiver Front-end Elements

At the receiver side, the optical power can be turned into electrical signals by means of various

methods such as imaging sensors [47, 48], solar cell panels [49], LEDs [50] and PDs [41].

Among them, PDs are more favorable as they have a shorter response time that leads to a wider

bandwidth so that they can provide high-speed data communication. This is the most practical

down-conversion method in LiFi known as direct detection (DD). The current signal captured

by the optic element at the receiver is then transferred to output voltage via TIA. This analogue

voltage signal can be converted to digital signals by ADC and then fed into the DSP unit to

recreate the information bits. It is also noted that at the receiver sides of UEs and APs, optical

filters are tuned in visible light and IR bands, respectively, to remove unwanted signals.

2.2.1.3 Impulse Response of Front-end Elements

In this subsection, the total effect of both transmitter and receiver front-end elements are consid-

ered, which can be modeled as a low-pass filter. A number of experiments have shown that the

front-end elements follow low-pass filter characteristics [46, 51, 52]. Therefore, the frequency

response of the front-end channel can be modeled by a first order low pass filter as:

|Hfe(f)|2 = e−f/f0 , (2.5)

where f0 is the fitted coefficient. The higher the value of f0, the wider the 3-dB bandwidth.

Typically, the 3-dB bandwidth of the front-end channel is low. Figure 2.2 illustrates the fre-

quency response of front-end elements with fitted coefficient, f0, of 15.2 MHz, 31.7 MHz and

35.6 MHz given in [46, 51, 52].
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Figure 2.2: Frequency response of front-end elements with different fitted coefficient, f0.

2.2.2 Channel of Indoor LiFi System

The main components of the indoor LiFi channel are a LOS link and a NLOS channel due to

reflectors in the environment. The LOS link between the transmitter and the receiver is shown in

figure 2.3-(a). The NLOS channel comprises an infinite number of links. Figure 2.3-(b) denotes

one of the NLOS links between the transmitter and receiver. In the frequency domain, the indoor

LiFi channel can be expressed as:

How(f) = HLOS(f) +HNLOS(f)

= HLOS(0)e−2πfτ0 +
∞∑
n=1

HNLOS,n(0)e−2πfτn ,
(2.6)

where HLOS(f) and HNLOS(f) are the channel frequency response of the LOS and NLOS

components, respectively. The direct current (DC) gain of the LOS link is denoted by HLOS(0)

and the DC gain of the nth NLOS link is shown by HNLOS,n(0) [53]. In (2.6), the propagation

link delays between the transmitter and receiver are given as τ0 = d/c and τn = dn/c with

d as the Euclidean distance between the transmitter and receiver; dn as the total propagation

distance of the nth NLOS link. The light speed is denoted with c. In the following, the DC gain
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components are characterized. 
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Figure 2.3: The downlink geometry of indoor LiFi channels for (a): LOS link, and (b): one of
the NLOS links.

2.2.2.1 LOS DC Gain

The DC gain of the LOS optical channel between the transmitter and receiver is given by:

HLOS(0) =
(m+ 1)A

2πd2
cosmφ gfg(ψ) cosψ rect

(
ψ

Ψc

)
, (2.7)

where A, φ and ψ are the physical area of the detector, the angle of radiance with respect to

the axis normal to the transmitter surface, and the angle of incidence with respect to the axis

normal to the receiver surface, respectively. Furthermore, rect( ψ
Ψc

) = 1 for 0 ≤ ψ ≤ Ψc and 0

otherwise. In (2.7), gf is the gain of the optical filter, and Ψc is the receiver field of view (FOV).

The optical concentrator, g(ψ), is given as:

g(ψ) =


ς2

sin2 Ψc
, 0 ≤ ψ ≤ Ψc

0, o.w

, (2.8)

where ς is the refractive index; and also m is the Lambertian order which is:

m = − 1

log2(cos Φ1/2)
, (2.9)
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where Φ1/2 is the half-intensity angle [54]. The radiance angle φ and the incidence angle ψ of

the transmitter and the receiver can be calculated using the rules from analytical geometry as:

cosφ =
−d · nt

‖d‖
,

cosψ =
d · n′u
‖d‖

(2.10)

where nt = [0, 0,−1]T and n′u are the normal vectors at the transmitter and the receiver planes,

respectively and d denotes the distance vector from the receiver to the transmitter. The symbols

· and ‖ · ‖ denote the inner product and the Euclidean norm operators, respectively. Also (.)T

denotes the transpose operator.

2.2.2.2 NLOS Channel

The NLOS component of the optical channel can be calculated based on the method described

in [53]. Using the frequency domain instead of the time domain analysis, we are able to consider

an infinite number of reflections to have an accurate value of the diffuse link. The environment is

segmented into a number of surface elements which reflect light beams. These surface elements

are modeled as Lambertian radiators described by (2.9) withm = 1. Then, the frequency domain

of NLOS channel gain including an infinite number of reflections can be expressed by [53]:

HNLOS(f) = rT(f)Gρ(I−He(f)Gρ)
−1t(f), (2.11)

where t = [H1,Tx(f), H2,Tx(f), . . . ,HN,Tx(f)]T is the transmitter transfer vector with the

entities given as:

Hk,Tx(f) =
(m+ 1)Ak

2πd2
k,Tx

cosm φk,Tx cosψk,Tx e
−2πf

dk,Tx
c , k = 1, . . . , N, (2.12)

where Ak is the area of the kth reflector element; φk,Tx is the radiance angle to the kth reflector

and ψk,Tx is the incidence angle with respect to the normal vector of the kth reflector. The

Euclidean distance between the kth reflector and the transmitter is denoted by dk,Tx.

In (2.11), He is the LOS transfer matrix of sizeN×N for the links between all surface elements.
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The frequency-dependent transfer matrix He(f) can be described as:

He(f) =


H1,1(f) · · · H1,N (f)

...
. . .

...

HN,1(f) · · · HN,N (f)

 , (2.13)

where the entities Hi,k(f) are the LOS transfer function between the kth reflector which acts

as a transmitter1 and the ith reflector which acts as a receiving element. These entities can be

obtained as:

Hi,k(f) =
Ai
πd2

i,k

cosφi,k cosψi,k e
−2πf

di,k
c , (2.14)

for i, k ∈ {1, · · · , N}. Here, φi,k and ψi,k are the radiance and incidence angles between pairs

of reflectors i and k with respect to their normal vectors; di,k is the Euclidean distance between

the ith and kth reflectors.

Finally, r = [HRx,1(f), HRx,2(f), . . . ,HRx,N (f)]T is the receiver transfer vector with the enti-

ties given as:

HRx,i(f) =
A

πd2
Rx,i

cosφRx,i cosψRx,i rect

(
ψRx,i

Ψc

)
e−2πf

dRx,i
c , (2.15)

where A is the PD area; φRx,i and ψRx,i are the radiance and incidence angles of the ith reflec-

tor and the receiver with respect to their normal vectors, respectively. The Euclidean distance

between the ith reflector and the receiver is denoted as dRx,i.

In (2.11), matrix Gρ = diag(ρ1, ..., ρN ) is the reflectivity matrix of all N reflectors with ρi as

the reflectance of the ith reflector; and I is the unity matrix of size N ×N .

2.3 System Configuration

In this section, single input/single output (SISO) configuration and MIMO configurations are

discussed. Figure 2.4-(a) represents a single transmit/single receiver, where only one AP trans-

mits data and only one PD detects the signal. On the other hand, in a multiple transmit/multiple

1It is assumed the reflectors are modelled as proper Lambertian radiators with m = 1.
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Figure 2.4: SISO and MIMO configurations.

receiver configuration several APs transmit data to the UE and multiple PDs are used to detect

the signal. A MIMO configuration with 2 transmitters and 4 PDs is shown in figure 2.4-(b).

2.3.1 SISO Configuration

As shown in figure 2.4, in a SISO configuration, only one AP and transmits data signals to a

single PD mounted on the UE. Hence, the received signal at the PD at a specific time instance

can be expressed as:

y = hx+ n (2.16)

where h is the channel gain between the AP and the PD, which includes the LOS and NLOS

links; x is the transmitted optical signal and n is the noise at the receiver.

2.3.2 MIMO Configuration

In this subsection, an IM/DD LiFi MIMO channel is considered, where Nt light sources (e.g.

one or more LEDs) can transmit the signal and one UE receives the signal with Nr PDs. The

resulting channel is described as:
y = Hx + n, (2.17)

where x is the transmitted signal vector of sizeNt×1; and y and n areNr×1 vectors respectively

representing the received signal and noise at each PD. The noise here includes all possible noises,

such as shot noise and thermal noise and is assumed to be real valued additive white Gaussian
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N
(
0Nr , σ

2
nINr

)
and independent of the transmitted signal [55]. The variance of the noise is

equal to σ2
n = N0B, where N0 is the single sided power spectral density of noise and B is the

bandwidth. The channel matrix H is given by:

H =


h1,1 · · · h1,Nt

...
. . .

...

hNr,1 · · · hNr,Nt

 , (2.18)

where the entities hi,j (i = 1, ..., Nr and j = 1, ..., Nt) are the channel gain of the link between

the jth transmitter and the ith PD. In this thesis, two types of MIMO are considered, namely full

MIMO and spatial modulation, which are discussed in the following subsections.

2.3.2.1 Full MIMO

In full MIMO, all degrees of freedom in the spatial domain are utilized by transmitting an inde-

pendent signal by each available transmitter at the same time. The maximum spectral efficiency

(assuming Nr ≥ Nt) is achieved in this case that is equal to Nt log2(M) bit/s/Hz for M -PAM.

However, the performance of full MIMO depends on the channel matrix, as higher correlation

between elements of the channel matrix significantly degrades the performance level.

2.3.2.2 Spatial modulation (SM)

Different variations of SM have been proposed in the literature [56]. We consider the original

SM, where each M -PAM modulated symbol is transmitted by one of the available light sources.

The active light source is selected according to log2Nt independent bits. Therefore, the spectral

efficiency would be equal to RSM = log2(Nt) + log2(M) bit/s/Hz. SM benefits from enhanced

spectral efficiency compared to SRC, while it is simpler and more immune to inter-channel

interference compared to full MIMO. However, the performance of SM also depends on the

channel matrix.
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2.4 Noise Analysis

Like RF systems, noise can also degrade the system performance in LiFi systems. The noise at

the receiver of a LiFi system is comprised of two components: shot noise and thermal noise. In

the following, these two primary source of noise at the receiver are described.

2.4.1 Shot Noise

Shot noise is a kind of electronic noise that can be modelled by a Poisson process. Shot noise

is caused by the random nature of photon arrivals with an average rate governed by the received

optical power. Shot noise may be generated because of many factors in the environment. The

major factor is ambient light that includes sunlight, street lights, fluorescent and incandescent

lamps [39]. The power of shot noise at the PD is then given by [57]:

σ2
shot = 2qRPopt,RxB + 2qIBGI2B, (2.19)

where Popt,Rx denotes the average received optical power; q is the electron charge which is

1.6 × 10−19 C; B is the modulation bandwidth; IBG is the background current; and I2 is the

noise bandwidth factor.

2.4.2 Thermal Noise

Thermal noise is mainly caused by the random motions of electrons in the circuit due to the

temperature fluctuation. The resistance used in the TIA is the primary source of thermal noise

at the receiver. The power of thermal noise at the PD is given by [57]:

σ2
thermal =

4kBT

RL
B, (2.20)

where kB is the Boltzmanns constant which is 1.38× 10−23 J/K; T is the absolute temperature

in Kelvin; RL is the load resistance in the receiver circuit.
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The total noise power affecting the photocurrent at the PD is thus given by:

σ2
N = σ2

shot + σ2
thermal . (2.21)

2.5 O-OFDM Based Transmission

Typical modulation techniques that can be used in LiFi systems are categorized into: single car-

rier modulation techniques and multiple carrier modulation schemes. Pulse position modulation

(PPM), unipolar pulse amplitude modulation (PAM), pulse width modulation (PWM) and on-off

keying (OOK) are common single carrier modulation techniques. OOK is a simple way of mod-

ulating data in LiFi systems, where two optical output power levels, namely low and high, are

considered. In PAM modulation, messages are encoded in the amplitude of a series of pulses. In

LiFi, only positive levels for PAM. Single carrier modulation techniques are prone to unwanted

effects such as inter-symbol interference (ISI) and non-linear signal distortion at the LED [3].

To address the challenges facing single carrier modulation schemes, appropriate equalization

methods are needed which require complex digital filters. In comparison to single carrier mod-

ulation schemes, multiple carrier modulation techniques are more bandwidth-efficient and can

offer higher data rates. Orthogonal frequency division multiplexing (OFDM) is one of the most

common and widely used multiple carrier modulation methods. OFDM is one effective solution

to combat the effect of ISI in LiFi systems. In LiFi systems, the introduced ISI is as a result of

passing the signal through a dispersive optical channel at high-data-rate transmission and also

using off-the-shelf limited-bandwidth LEDs [46, 52]. Benefits of using OFDM include: 1) ef-

ficient use of spectrum, 2) robustness against frequency selectivity of channel by splitting the

channel into narrowband flat fading subcarriers, 3) simple channel equalization by using single-

tap equalizer (while adaptive equalization techniques are being used in single carrier modulation

schemes), 4) computationally efficient by using fast Fourier transform (FFT) and inverse FFT

(IFFT) techniques.

Because of the bipolar and complex signals generated by the OFDM modulator, the conventional

OFDM modulator cannot fit the IM/DD requirements where the signals should be positive and

real-valued in LiFi systems [58]. Optical-OFDM (O-OFDM) is a unipolar solution that can be
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adopted in IM/DD-based transmission. There are several types of O-OFDM that can generate

real and non-negative signals. Two of the most well-known and common types of O-OFDM are:

DCO-OFDM and asymmetrically clipped optical OFDM (ACO-OFDM) [59]. In the following,

these two types of O-OFDM are introduced.

2.5.1 DCO-OFDM

Figure 2.5 shows the block diagram of a DCO-OFDM system and its key elements. In a DCO-

OFDM system, first the information bits are mapped to quadrature amplitude modulation (QAM)

symbols. Then, each (K2 − 1) consecutive modulated symbols are grouped and converted to

parallel frames of OFDM to be used as the input of the IFFT module. An OFDM symbol can be

expressed as:

X = [X0, X1, ..., XK−1], (2.22)

where Xk for k = 0, · · · ,K− 1 are modulated data symbols transmitted on kth OFDM subcar-

rier. To generate real value signals in time domain, Hermitian symmetry is applied to the OFDM

symbol, which specifies the following conditions:

XK−k = X∗k for 0 < k <
K
2
, (2.23a)

X0 = XK/2 = 0, (2.23b)

where (·)∗ denotes the complex conjugate operator. After the IFFT operation, time-domain

samples are given as:

x[n] =
1√
K

K−1∑
k=0

Xkexp

(
2πkn

K

)
, 0 ≤ n ≤ K − 1. (2.24)

After passing through the IFFT module, a cyclic prefix (CP) will be added to the samples in

order to combat the ISI due to the dispersive wireless channel. After adding the CP, the samples

will be fed into a DAC module. A DC bias will be added to the analog waveform to ensure the

modulated signal, x̃(t), must be positive. The positive constraint is required for optical systems
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Figure 2.5: Illustration of a DCO-OFDM system.

that perform intensity modulation. Therefore,

xe(t) = xDC + x̃(t), (2.25)

where

xDC = η
√
E[x̃2(t)], (2.26)

and η is the conversion factor. In general, the condition η = 3 guarantees that less than 1% of

the signal is clipped. In this case, the clipping noise is negligible [58]. The current signal xe(t)

derives the LED to generate the optical signal x(t).

2.5.2 ACO-OFDM

ACO-OFDM is another type of energy-efficient O-OFDM that can prevent adding the DC bias

to the signal. In ACO-OFDM, only odd subcarriers are used to bear information which results

in a loss of spectral efficiency. Hence, the OFDM symbol isX = [0, X1, 0, ..., XK−1]. Further-

more, the elements ofX should fulfill the Hermitian symmetry defined in (2.23a). Compared to

DCO-OFDM, half of the spectrum is sacrificed by ACO-OFDM to make the time-domain signal

unipolar. Therefore, the signal generated after IFFT is an anti-symmetric real value given as:

x[n+K/2] = −x[n], 0 < n < K/2. (2.27)
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The anti-symmetry property of x[n] guarantees that no information data is lost due to signal

clipping at the zero level.

2.6 LiFi Attocell Networks

The coverage area of a typical point-to-point VLC link is in the order of a few square meters.

However, to support mobility and seamless connectivity one possible solution is to utilize sev-

eral LED transmitters or APs and connect them as a networked system. This is known as a LiFi

attocell network. A LiFi cellular network consists of several LiFi attocells, which are smaller

than RF femtocells. In a LiFi network, AP deployment can be: i) square deployment, ii) hexag-

onal deployment, iii) Poisson point process (PPP), or iv) hard-core point process (HCPP) [54].

In this research study, we only consider the square network as it is the typical deployment in

offices and rooms. The geometric configuration of an indoor LiFi cellular network is shown in

figure 2.6.

LiFi is a bidirectional and networked optical wireless system. In the downlink, visible light is

utilized for the purpose of both illumination and communication, while in the uplink, data is

transmitted through IR light in order to not affect the illumination constraint of the room. As

shown in figure 2.6, a LiFi network comprises multiple LED transmitters (i.e., APs) arranged

on the vertexes of a square lattice over the ceiling of an indoor network. A PD is installed

next to the LED, which is tuned on the IR band for receiving uplink data. At the UE, an IR-

LED is used to transmit uplink data and a PD tuned on the visible light band is employed for

receiving downlink data. The LEDs are assumed to be point sources with Lambertian emission

patterns. To avoid nonlinear distortion effects, the LEDs operate within the linear dynamic range

of the current-to-power characteristic curve. In addition, the LEDs are assumed to be oriented

vertically downwards, and the UEs are randomly orientated. Only one AP is selected to serve

the UE based on the received signal intensity. An optical attocell is then defined as the confined

area on the UE plane in which an AP serves the UE.

In order to evaluate the performance of LiFi networks, several QoS metrics are used. In fact,

QoS is a qualification or measurement of a service performance met by the users in a network.

In order to evaluate and quantify the network QoS several metrics such as BER, bit rate, trans-
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Figure 2.6: The geometric configuration of an indoor LiFi cellular network.

mission delay, SNR, and throughput can be used.

2.7 Multiuser Access Techniques

Like in RF networks, LiFi attocell networks should also be capable of supporting multiuser data

communications by means of multiple access techniques. In this section, we study three common

and widely used multiple access schemes in LiFi cellular networks, which are also considered

through this research study. These techniques include TDMA, OFDMA and CSMA/CA.

2.7.1 TDMA

TDMA allows orthogonal access to the whole available modulation bandwidth for all users

by assigning various time slots to each of them. Therefore, the users transmit data in rapid

successions, one after the other while each uses its own allocated time slot. Figure 2.7-(a) shows

the utilization of bandwidth with TDMA.

This multiple access technique can be directly used in a LiFi attocell network, particularly in
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Figure 2.7: A comparison between TDMA and OFDMA.

downlink. However, TDMA requires synchronization and it is more difficult for uplink, espe-

cially for mobile UEs, due to variation of the timing advance which is required to synchronize

the transmission [4]. Moreover, the performance of TDMA can be significantly degraded in

LiFi cellular networks due to inter-channel-interference (ICI), that is reported in [3]. Therefore,

interference mitigation techniques are required to alleviate the ICI which degrades the cell-edge

users’ performance.

2.7.2 OFDMA

OFDMA enables users to use frequency resources at different subcarriers and it has been widely

considered and implemented in the downlink of LTE systems. Figure 2.7-(b) illustrates the

concept of subcarrier utilization by the OFDMA technique. Multiple access can be achieved in

OFDMA by allocating subsets of subcarriers to individual users. Note that based on the required

QoS, the achievable data rate can be controlled individually for each user. This can be realized

through assigning various numbers of subcarriers to different users. Therefore, OFDMA has

been recently considered as a promising and practical option for downlink transmission.
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2.7.3 CSMA/CA

CSMA/CA is another multiple access method in which nodes try to avoid collision by sensing

the channel and then transmitting the data packet if the channel is found to be idle. CSMA/CA

can optionally benefit from the request-to-send (RTS) and clear-to-send (CTS) exchange be-

tween the transmitter and receiver. This is known as the IEEE 802.11 RTS/CTS handshake

mechanism. Implementation of this handshake protocol can help to address the problem of hid-

den nodes2 in wireless networks. CSMA/CA is one efficient way of accessing the channel so

that whenever a node has data to transmit, it occupies the channel.

2.7.4 CDMA

CDMA is another multiple access scheme, where several a transmitter can send information data

of several users simultaneously over a single communication channel. This permits multiple

users to share a common bandwidth at the same time. CDMA utilizes spread spectrum approach

and a special coding technique (where each user is assigned a specific code) to mitigate the

interference [60]. In general, codes are classified into two categories of synchronous (orthogonal

codes) and asynchronous (pseudorandom codes). In CDMA, the generated code runs at a much

higher rate than the data to be transmitted. Then, the data and the spreading code are combined

by bitwise XOR (exclusive OR). The frequency of the transmitted signal varies based on the

code, so it can be detected only by a receiver who has the same code. There are plenty of

possible frequency-sequencing codes, which improves privacy and security.

2.8 Handover Protocol

In order to provide a seamless connectivity for a mobile UE in cellular networks, the ongoing

connection may need to be transferred from one AP to another. This process is called handover.

In general, a handover is needed when: 1) the UE is mobile and moves between the neighboring

cells, i.e. it exits from the coverage area of one serving AP and enters to the coverage area of an

adjacent AP; 2) the channel between the UE and AP is severely degraded as a result of a poten-

2Hidden node problem happens when a node is visible to the AP while not to other nodes.
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tial rotation of the UE, link blockage or interference; and 3) the serving AP is fully loaded and it

cannot provide any further service to the current user as it requests more service. Depending on

whether the handover is between the APs of a same technology or between different technolo-

gies, two types of handover called horizontal and vertical handover exist. Horizontal handovers

occur between APs of a same access technology means in different cells of a same network, for

example, between attocells of a LiFi network. In a standalone network, horizontal handovers are

typically needed when the serving AP becomes unavailable due to the reasons mentioned above.

Horizontal handovers generally use received signal strength (RSS) for handover decisions. On

the other side, vertical handover refers to the change of connectivity between different tech-

nologies, for instance, from a LiFi network to a WiFi network. Vertical handovers are usually

performed to support user mobility.

From the decision point of view, handovers are classified into hard and soft handovers. These

two types of handover are explained in the following.

2.8.1 Hard Handover

A hard handover occurs when the previous link is disconnected before a new connection is

established. It is also known as “break before make”. Hence, in the hard handover schemes, the

user is always served by one AP at a time. Typically, implementation of hard handover schemes

are simple and they require low hardware complexity and usage. However, with a hard handover

algorithm, a high rate of call drops is expected and the service will be interrupted. Ping-pong

effect is one of the other challenges that hard handover schemes face, especially for cell-edge

users. This issue is even more severe in LiFi cellular networks, due to the random orientation of

a device.

2.8.2 Soft Handover

When considering soft handover, it means that the links are added and broken in a way that the

UE always keeps at least one link. This is known as “make before break”. Soft handover methods

are used to alleviate the rate fluctuation of hard handover schemes. During the soft handover

process, the user is served by two or more APs simultaneously when it is in the intersection
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Figure 2.8: RWP model in (a): a room of size a× b and (b) an attocell of radius rc.

coverage area of the APs, therefore, its data rate does not drop off suddenly. Hence, the reliability

of the link connection becomes higher when a soft handover algorithm is performed. It is noted

that even though by means of soft handover, the rate of call drops is reduced and it also alleviates

the ping-pong effect, they use several channels in the network to support just a single call. This

decreases the number of remaining available channels and therefore, reduces the capacity of the

network.

2.9 User Behavior Models

In a LiFi cellular network, the user throughput depends on several factors including user mobil-

ity, random device orientation and link blockage. There are plenty of mobility models proposed

in the literature [61]. Among them, the RWP mobility model is one of the most simple and

well-known models that is considered for the simulation of the user mobility either for indoor

or outdoor environments. Device orientation and link blockage are the other two significant

factors that can affect the user throughput in LiFi networks. In the following, these factors are

discussed.

2.9.1 Random Waypoint Mobility Model

The RWP mobility model was initially introduced in [62] to model human movement in a ran-

dom manner. After that, many studies have focused on the RWP to obtain its statistics, see for
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instance [63, 64] and references therein. Figure 2.8-(a) shows the basic concept of the RWP

mobility model in a room of size a × b. According to the RWP model, at each waypoint, the

UE needs to satisfy a number of properties to move to the next waypoint, these include: i) the

random destinations or waypoints are chosen uniformly with probability 1/ab; ii) the move-

ment path is a straight line; and iii) the speed is constant during the movement between two

consecutive waypoints. The RWP mobility model can be mathematically expressed as an in-

finite sequences of triples: {(Pn−1,Pn, Vn)}n∈N where n denotes the nth movement period

during which the UE moves between the current waypoint Pn−1 = (xn−1, yn−1) and the next

waypoint Pn = (xn, yn) with the constant velocity Vn. The transition length is defined as the

Euclidean distance between two consecutive waypoints as the UE progresses, and is given by

Ln = ‖Pn − Pn−1‖. Here, the transition lengths {L1, L2, . . .} are non-negative independent

identically distributed (i.i.d) random variables with the PDF given as [63]:

fL(l) =
4l

a2b2
f0(l), (2.28)

with

f0(l) =



π
2ab− al − bl + 1

2 l
2, for 0 ≤ l ≤ b

ab sin−1
(
b
l

)
+ a
√
l2 − b2 − 1

2b
2 − al, for b < l < a

ab sin−1
(
b
l

)
+ a
√
l2 − b2 − 1

2b
2 − ab cos−1

(
a
l

)
+b
√
l2 − a2 − 1

2a
2 − 1

2 l
2, for a ≤ l ≤

√
a2 + b2

0, otherwise.

(2.29)

For a square room of length a, the mean of transition lengths is given as E[L] = 0.5214a where

E[·] denotes the expectation operator. Figure 2.8-(b) illustrates the RWP mobility in an attocell

of radius rc. According to the RWP model, i) the random destinations or waypoints are chosen

uniformly with the probability of 1/(πr2
c); ii) the movement path is a straight line; and iii) the

speed is constant during the movement. The PDF of transition length within this attocell is given

as [63]:

fL(l) =
8

πrc

l

2rc

cos−1

(
l

2rc

)
− l

2rc

√
1−

(
l

2rc

)2
 , (2.30)
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for 0 ≤ l ≤ 2rc, and 0, otherwise. The mean of transition lengths for this attocell is E[L] =

0.9054rc.

2.9.2 Device Orientation

Device orientation is another factor that can affect the seamless connectivity of a user. According

to the Euler’s rotation theorem [65], any rotation in R3 space can be uniquely achieved by

composing three elemental rotations, i.e., the rotations about the axes of a coordinate system.

Depending on whether the device (local) or Earth (global) coordinate system is chosen, there are

two types of rotations. Intrinsic rotation corresponds to a rotation about the device coordinate

system and extrinsic rotation, which conforms to a rotation about the Earth coordinate system.

Throughout this thesis, the device and Earth coordinate systems are shown by xyz and XY Z,

respectively. The Earth and device coordinates are illustrated in figure 2.9-(a). In the Earth

coordinate system, the X and Y axes are in the ground plane and positive towards the East and

North pole, respectively, Z is perpendicular to the ground plane and positive upwards. The axes

of the local coordinate system are x and y in the screen plane and positive towards the right

of the screen and towards the top of the screen, respectively; the z-axis is perpendicular to the

screen and positive extending outwards from the screen (the axes are shown in figure 2.9-(a)).

Thanks to the embedded-gyroscope in current smartphones, they are able to report the elemental

rotation angles yaw, pitch and roll denoted as α, β and γ, respectively [66]. Here, α represents

the rotation about the z-axis, which takes a value in the range of [0, 360); β denotes the rotation

angle about the x-axis, that is, tipping the device toward or away from the user, which takes

value between −180◦ and 180◦; and γ is the rotation angle about the y-axis, that is, tilting the

device right or left, which is chosen from the range [−90, 90). The elemental Euler angles are

depicted in figure 2.9-(b) to 2.9-(d).

Depending on the axes order rotations, there are six conventions for Euler angles. The world

wide web consortium (W3C) determines the following principles for UE orientation [67]: i)

rotations should follow the right-hand rule, this states that the positive rotation about each axis

is clockwise when viewing along the positive direction of the axis; ii) the intrinsic rotation of

order z−x′−y′′ is chosen as the standard for the UE orientation, this means the UE is first rotated

α degrees about the z-axis. Denoting the new coordinate system as x′y′z, then it is rotated β
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(a) Normal position

′

(b) Yaw rotation with angle α

′

(c) Pitch rotation with angle β

′

(d) Roll rotation with angle γ

Figure 2.9: Orientations of a mobile device.

degrees about the x′-axis to get the new coordinate as x′y′′z′. Finally, the UE is rotated γ degrees

about the y′′-axis to get the ultimate local coordinate as x′′y′′z′′.

Now, we derive the concatenated rotation matrix with respect to the Earth coordinate system.

The normal vector nu = [n1, n2, n3]T after rotation can be obtained as:

n′u = Rnu, (2.31)

where n′u = [n′1, n
′
2, n
′
3]T is the rotated normal vector via the rotation matrix R. The rotation

matrix can be decomposed as R = RαRβRγ , where Rα, Rβ and Rγ are the rotation matrices

about the z, x′ and y′′ axes, respectively. Assume that the device and Earth coordinate systems
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are initially aligned so that nu = [0, 0, 1]T, then, the rotated normal vector, n′u, via the rotation

matrices Rα, Rβ and Rγ is given as:

n′u = RαRβRγ


0

0

1

=


cosα − sinα 0

sinα cosα 0

0 0 1




1 0 0

0 cosβ − sinβ

0 sinβ cosβ




cos γ 0 sin γ

0 1 0

− sin γ 0 cos γ




0

0

1



=


cos γ sinα sinβ + cosα sin γ

sinα sin γ − cosα cos γ sinβ

cosβ cos γ

 .
(2.32)

The rotated normal vector can be represented in the spherical coordinate system using the az-

imuth, ω, and polar, θ, angles. That is, n′u = [sin θ cosω, sin θ sinω, cos θ]T. As shown in

figure 2.10, the polar angle, θ, is the angle between the positive direction of Z-axis and the nor-

mal vector n′u. Moreover, ω is the angle between the projection of n′u in the XY -plane and the

positive direction of the X-axis. Accordingly,

θ = cos−1 (cosβ cos γ) ,

ω=tan−1

(
n′2
n′1

)
=tan−1

(
sinα sin γ − cosα cos γ sinβ

cos γ sinα sinβ + cosα sin γ

)
.

(2.33)

It is shown in [10] and [68] that the polar angle follows a Laplace distribution, θ ∼ L(µθ, bθ)

where the mean value, µθ, and scale parameter, bθ, depend on whether the user is static or mobile.

Furthermore, it is shown that the azimuth angle follows a uniform distribution, ω ∼ U [0, 2π].

Let’s define the movement direction angle as Ω = ω + π, where Ω provides a better physical

concept (compared to ω), as it shows the angle between the movement direction and the X-axis.

The geometry of this angle is shown in figure 2.10. The relation between Ω and α depends on

whether the UE is being used in the portrait or landscape mode. When the user is working with

the cellphone in portrait mode, the angle between the y-axis and North is defined as α, and Ω

is specified based on the angle between the y-axis and East. Hence, the relationship between Ω

and α can be expressed as:
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Figure 2.10: Geometry of θ and Ω angles.

Ω =

α+ π
2 α ∈ (0, 3π

2 ]

α− 3π
2 α ∈ (3π

2 , 2π]

. (2.34)

Since the difference between portrait mode and landscape mode is just π/2 which follows the

right-hand rule, for landscape mode, we have:

Ω =

α+ π α ∈ (0, π]

α− π α ∈ (π, 2π]

. (2.35)

2.9.3 Blockage

Due to the nature of LiFi, the link between a pair of the transmitter and receiver can be blocked

by an opaque object such as a human body. In this research thesis, we only consider the blockage

due to human bodies or other similar objects which can be modeled as rectangular prisms. It

is shown in [69, 70] that MIMO can help the optical wireless networks to be robust against the

blockage because the transmit or receive diversity is exploited. Here, the model for the link

blockage is introduced which is used throughout this thesis.

We model a human body as a rectangular prism of length, Lb, width, Wb, and height, Hb. Two

types of blockers are assumed, non-user blockers and user-blockers. The former is due to other

people or objects in the room while the latter is due to the user who is using the UE, also known

as self-blockage. Thus, one user-blocker is considered in the direction that the user is facing,
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Figure 2.11: Geometry of the link blockage.

and other non-user blockers’ directions are chosen from a uniform distribution of U [0◦, 360◦].

Figure 2.11 shows the blockage model and the relevant parameters that are considered in this

study. The density of a non-user blocker is denoted by κb, which is the number of non-user

blockers per room area. It is assumed that non-user blockers are uniformly distributed in the

room. The direction and location of the self-blocker are obtained based on the direction and

location of the UE. It is assumed that the users keep the UE at a distance of dp away from

themselves.

2.10 Interference Management Techniques

To reduce the interference between the neighboring cells, different inter-cell interference cancel-

lation techniques have been proposed such as the frequency reuse (FR) plan, fractional frequency

reuse (FFR) that includes strict FFR and soft-frequency reuse methods. FFR is proposed as an

inter-cell interference coordination (ICIC) 3 strategy for OFDMA-based wireless networks [72].

The principle of FR is to guarantee that the mutual interference from adjacent cells remains be-

low a harmful level, with neighboring cells using different frequencies. In fact, a set of different

frequencies f1, ..., fNc are used for each cluster of Nc adjacent cells. The cluster pattern and the

corresponding frequencies are re-used in a regular pattern over the entire service area.

3ICIC is a scheme to enhance the network performance by minimizing the experienced interference while maxi-
mizing the spatial reuse [71].
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Figure 2.12: FR, Strict and Soft FFR schemes in a square network.

The main principle of FFR is to divide the cell’s bandwidth so that i) users close to cell edges

do not receive interference from neighboring cells, ii) interior users receive less interference,

whereas, iii) they use more total spectrum compared to the traditional FR plans. Users in each

cell-interior are assigned a common subband of frequency while for the cell-edge users, the

allocated bandwidth is partitioned across cells according to a reuse factor of ∆. Note that FFR

plans need a total number of ∆ + 1 subbands. Figure 2.12 illustrates a comparison between FR,

strict FFR and soft FFR schemes in a square network with four cells. In fact, strict FFR is a

modified version of FR plan in which interior users are allocated a separate spectrum, while in

the soft FFR interior users are allowed to share the spectrum with cell-edge users of adjacent

cells. Further information about strict and soft FFR techniques can be found in [73]. Angular

diversity receiver (ADR) is another technique that can be used to mitigate interference [74–76].

An ADR consists of several PDs (with narrow FOV) which are placed on a hemispherical shape

at the receiver. In this thesis, FR is used to reduce the inter-cell interference.

2.11 Summary

In this chapter, LiFi including the channel responses of both front-end elements and indoor

LiFi have been studied. The LOS and NLOS DC gains have been explained and an analysis of

noise encompassing shot noise and thermal noise have been presented. Optical OFDM, which

is an effective way of combating the ISI in LiFi networks, is described. The basic concept
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of LiFi cellular networks and attocells are provided. Then, TDMA and OFDMA as the most

common multiuser access techniques in the downlink and CSMA/CA as a promising option for

the uplink are described. The concept of handover is explained, and different types of handover

are discussed. Finally, factors which can affect the user throughput such as user mobility, device

orientation and link blockage are explained.
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Chapter 3

Bidirectional User Throughput
Maximization Based on Feedback

Reduction in LiFi Networks

3.1 Introduction

It is known that utilizing channel adaptive signalling can bring on enhancement in almost any

performance metric. Feedback can realize many kinds of channel adaptive methods that were

considered impractical due to the problem of obtaining instantaneous CSI at the AP. Studies have

proven that permitting the receiver to transmit a small amount of information or feedback about

the channel condition to the AP can provide a near optimal performance [6–9]. Feedback con-

veys the channel condition, e.g., received power, signal-to-noise-plus-interference ratio (SINR),

interference level, channel state and so on. The AP can use the information for scheduling and

resource allocation. The practical systems using this strategy, also known as limited-feedback

(LF) systems, provide a similar performance to the impractical systems with perfect CSI at the

AP.

It is often inefficient and impractical to continuously update the AP with the UE link condi-

tions. However, to support mobility and seamless connectivity, it is also essential to consider the

time-varying nature of channels for resource allocation problems to further enhance spectral ef-

ficiency. With limited capacity, the assignment of many resources to obtain CSI would evacuate

the resources required to transmit actual data, resulting in a reduced overall UE throughput [77].

Therefore, it is common for practical wireless systems to update the CSI less frequently, e.g.,

only at the beginning of each frame. Many works have been carried out to reduce the amount of

feedback in RF networks (see [6] and references therein), however, very few studies are done to

lessen the amount of feedback in LiFi networks [4, 30, 31].
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An overview of limited feedback in wireless communications has been introduced in [6]. The

key role of limited feedback in single-user and multiuser scenarios for narrowband and wideband

communications with both single and multiple antennas has been discussed. Two SINR based

limited feedback scheduling algorithms for multiuser multiple-input, multiple-output orthogonal

frequency-division multiplexing (MIMO-OFDM) in heterogeneous networks are studied in [78]

where UEs feed back channel quality information in the form of SINR. UEs at a particular dis-

tance from the AP are grouped together and have the same SINR (It is assumed that the UEs

have the same multipath profile and shadowing effect). In [79], three limited feedback resource

allocation algorithms are evaluated for heterogeneous wireless networks. These resource allo-

cation algorithms try to maximize the weighted sum of instantaneous data rates of all UEs over

all cells by jointly optimizing power and subcarrier assignment under power constraints. In or-

der to reduce the feedback signalling, the Lloyd algorithm1 is utilized to develop the resource

allocation scheme into two phases. It is shown that the Lloyd algorithm can provide a close

performance to the perfect CSI case. In [81], the authors analyzed the performance of feedback

based on the resource-wise SNR quantization and the ordered best-K feedback method, where

the K best resources are fed back to the AP. Analytical outage capacity calculations and exact

bit error probability expressions are presented for both feedback methods. Results confirm the

significant allocation gain achievement with very limited feedback in wideband OFDMA sys-

tems. This allocation gain is achieved by combining multiple resource selection and feedback

strategies.

In multiuser systems, UEs compete for resources to ensure higher data rates and/or better re-

liability and QoS. For efficient utilization of resources, opportunistic downlink scheduling has

attracted much attention [82]. Opportunistic user allocation based on limited feedback informa-

tion has been shown to offer remarkable enhancement for wireless multiple access communica-

tions. Proportional fair (PF) scheduling, which is one of the opportunistic scheduling schemes,

chooses a UE who is able to achieve the highest instantaneous data rate normalized by the aver-

age received data rate at each scheduling time. An opportunistic limited feedback technique for

PF scheduling in wireless systems has been proposed in [83]. According to this technique, the

1The Lloyd algorithm is one of the most popular iterative methods to find evenly spaced sets of points in subsets
of Euclidean spaces. [80].
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UEs only transmit the feedback information when the probability of being selected to transmit

on a subcarrier is high. The same throughput can be achieved by this method similar to a system

where each UE feeds back its CSI to the AP, however, with significant feedback reduction per

UE.

In order to realize scheduling algorithms for OFDMA in a cellular network, the AP requires

knowledge of UEs’ SINR conditions on each subcarrier. One solution is to transmit the quan-

tized channel quality indicator (CQI) of subcarriers which is the focus of [84] and [85]. Tech-

niques to tackle the issue of adaptation with unquantized (but outdated or imperfect) CSI at the

AP are studied in [86]. More general studies about quantized feedback per subcarrier have been

discussed in [87–90]. An optimal strategy to transmit feedback based on outdated channel gain

feedbacks and channel statistics for a single-user scenario is proposed in [91]. Four low-complex

scheduling algorithms for multiuser case to maximize the sum of the outage capacity of individ-

ual UEs have been proposed in [92]. Another solution is the subcarrier clustering method which

is developed in [93–95]. Clearly, the required CSI increases proportionally with the number of

UEs. This creates challenging problems in practical system implementations when the AP does

not have a priori channel information. Another simple and more realizable solution proposed

in [96–98] is to inform the AP only if their SINR exceeds a predetermined threshold. This is a

very simple approach which is basically a one bit per subcarrier feedback. The one-bit feedback

method is very bandwidth efficient and using more feedback can provide slight downlink perfor-

mance improvement but at the cost of uplink throughput degradation as discussed in [96]. The

benefits of employing only one bit feedback per subcarrier and the minor data rate enhancements

of downlink using more feedback bits are analyzed in [99]. A one-bit per subcarrier feedback

scheme for downlink OFDMA systems has been proposed in [100]. The one-bit feedback spec-

ifies whether the channel gain exceeds a predefined threshold or not. Then, UEs are assigned

priority weights, and the optimal thresholds are chosen to maximize the weighted sum capacity.

One problem linked to the one-bit feedback technique is that there is a low probability that none

of the UEs will report their SINR to the AP so the scheduler will be left with no information

about the channel condition. This issue can be solved at the expense of some extra feedback and

overhead by the multiple-stage version of the threshold-based method proposed in [101].

These limited feedback approaches are all applicable in LiFi networks. However, the channel
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in LiFi networks is mostly characterized by the limitations of the receive/transmit devices (i.e.,

front-end elements) rather than the multipath nature of the channel. The frequency selective

characteristics of the front-end elements are relatively deterministic although not frequency flat,

and independent of the users position or orientation. However, the average received power is

much more dynamic and is significantly dependent on the position and the orientation of the

user devices. Therefore, by only updating the average power, a reasonable estimate of the SINR

of all the subcarriers can be obtained with a considerably reduced amount of feedback at the

AP [30]. In other words, due to the relatively deterministic behavior of LiFi channels, the

feedback can be reduced further without any significant downlink throughput degradation. This

motivates us to propose two novel limited feedback schemes for LiFi networks. These limited

feedback techniques are i) limited-content feedback (LCF) scheme which is based on reducing

the content of feedback information and ii) limited-frequency feedback (LFF) scheme based

on the update interval. It will be shown that LCF illustrates a close downlink performance to

the full-feedback (FF) mechanism and with an even lower overhead compared to the one-bit

feedback technique. For the LFF scheme, which is based on the sum-throughput of uplink and

downlink maximization, an optimum update interval is derived using the RWP mobility model.

These feedback mechanisms will be described after explaining the downlink and uplink access

techniques and providing analytical derivations of the downlink and uplink throughput.

The rest of the chapter is organized as follows. In sections 3.2 and 3.3, downlink and up-

link throughput of LiFi systems are explained with consideration of OFDMA and CSMA/CA,

respectively. Different feedback mechanisms and the proposed limited-feedback schemes are

covered in section 3.4. Results and performance comparisons between limited-feedback mecha-

nisms are described in section 3.5. Finally, a summary of this chapter is presented in section 3.6.

3.2 Downlink Throughput Calculation

The channel access protocol in the downlink is assumed to be OFDMA based on DCO-OFDM so

as to support downlink multiple access simultaneously. The modulated data symbols of different

UEs, Xk, are arranged on K subcarriers of the OFDMA frame, X . Then, the IFFT is applied

to the OFDMA frame to obtain the time domain signal x̃. Note that in OFDMA, the number of
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modulated subcarriers bearing information is K/2− 1.

Let hj = [Hi,j ], for i = 1, 2, ..., NAP, be the downlink channel gain vector from all APs to the

jth UE and NAP denotes the total number of APs in the network. The jth UE is connected to

the ıth AP based on the maximum channel gain criterion so that ı = arg maxi(hj). Afterwards,

the embedded scheduling algorithm in the ıth AP allocates a number of subcarriers to the jth

UE based on its requested data rate and its link quality. In this study, a fair scheduling method

for OFDMA-based wireless systems is considered [102, 103]. The scheduler assigns the kth

resource to the j0th UE according to the following metric:

j0 = arg max
j

(
Rreq,j

Rj

)
, (3.1)

where Rj is the average data rate of the jth UE before allocating the kth resource, and Rreq,j is

the requested data rate of the jth UE.

Frequency reuse plan is considered to reduce the co-channel interference and also guarantee the

cell edge users data rate. It is assumed that the considered LiFi system transmits data based

on DCO-OFDM, for which the upper bound on the achievable data rate can be expressed in a

Shannon capacity expression form as a function of electrical SINR as shown in [104]. Assuming

the effect of clipping noise is negligible, the downlink rate of the jth UE after scheduling can be

obtained as:

Rd,j =
Bd,n

K

K/2−1∑
k=1

log2 (1 + πj,kSd,j,k) , (3.2)

where πj,k = 1 if the kth subcarrier is allocated to the jth UE otherwise πj,k = 0; Sd,j,k is the

SINR of the jth UE on the kth subcarrier serving by the ıth AP. Also, Bd,n is the downlink

bandwidth of the nth FR plan. In communication systems, SINR is defined as the ratio of the

desired electrical signal power to the total noise and interference power that corrupts the signal.

It is noted that since it is about the signal power only AC is considered and DC bias will finally

be removed at the receiver. SINR is an important metric to evaluate the link quality and the

transmission data rate. Denoting Pelec,ı,j,k as the received electrical power of the jth UE on the

kth subcarrier, then, we have:

Sd,j,k =
Pelec,ı,j,k

σ2
N +Pint,j

(3.3)
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where σ2
N =N0Bd,n/K, is the noise power on each subcarrier, andN0 is the noise power spectral

density; Pint,j is the interference from other APs at the jth UE. It is assumed that the APs emit

the same average optical power and the total transmitted electrical power is equally allocated

among K − 2 subcarriers so that the received electrical power on the kth subcarrier of the jth

UE is equal to:

Pelec,ı,j,k =
R2P 2

d,optH
2
ı,j,k

η2(K − 2)
(3.4)

where Pd,opt is the transmitted optical power. Note that the PDs used in LiFi systems are square

law detectors. Therefore, the electrical power is proportional to the square of the optical power

input. In other words, since the electrical current is proportional to the optical power and the

electrical power, being proportional to the square of current, is proportional to the square of the

optical power. In (3.4), R and η are the PD responsivity and conversion factor, respectively.

It is noted that η is unitless. Moreover, Hı,j,k is the frequency response of the optical wireless

channel on the kth subcarrier. This includes the effects of both front-end elements and the indoor

LiFi channel. Furthermore, the indoor LiFi channel encompasses both LOS and NLOS links.

Accordingly, the received SINR of the jth UE on the kth subcarrier can be expressed as:

Sd,j,k =
R2P 2

d,optH
2
ı,j,k

(K − 2)η2σ2
N +

∑
i∈ΞAP,ı

R2P 2
d,optH

2
i,j,k

. (3.5)

where ΞAP,ı is the set of other APs in the room, which use the same frequencies as the ıth AP.

3.3 Uplink Throughput Calculation

3.3.1 Uplink Access Protocol

It is proven that fixed multiple access protocols such as TDMA, FDMA and CDMA become

inefficient when the traffic is bursty [105]. In this case, random access protocols perform better

for many users, when users only occasionally send a message. CSMA/CA is a random access

mechanism that allows UEs to access the channel whenever they have packets for transmission.

Here, we employ CSMA/CA as the uplink access protocol. However, a similar study, with the

assumption of TDMA in the uplink has been carried out in [31]. CSMA/CA is a multiple access
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protocol with a binary slotted exponential backoff strategy being used in wireless local area

networks (WLANs) [2]. This is known as the collision avoidance mechanism of the protocol.

In CSMA/CA, a UE will access the channel when it has data to transmit. Thus, this access

protocol uses the available resources efficiently. Once the UE is allowed to access the channel,

it can use the whole bandwidth. However, this access protocol cannot directly be used in LiFi

networks, because it results in a severe “hidden node” problem. In contrast to RF networks, the

UEs cannot directly hear each other to realize whether the channel is occupied or not in LiFi

systems. The reason for this is that the downlink and uplink medium in LiFi are different, i.e.,

visible light and infrared are used in downlink and uplink, respectively. Therefore, adopting the

conventional CSMA/CA for LiFi networks can lead to a drastic degradation in users throughput.

To address this issue, we proposed a modified CSMA/CA access protocol for LiFi networks

that benefits from transmission of a channel busy (CB) tone [4]. Therefore, we applied two

simple modifications to the conventional CSMA/CA to minimize the number of collisions in LiFi

networks. Firstly, the RTS/CTS packet transmission scheme, which is optional in RF WLANs

should be mandatory in LiFi networks. This is the only way that UEs can notice that the channel

is busy in LiFi networks. Because, visible light and infrared are employed in the downlink and

uplink of LiFi networks, respectively, which have different wavelengths. Thus, the PD at the UE

is tuned for visible light and cannot sense the channel when another UE transmits via infrared.

Secondly, the AP transmits a CB tone to inform the other UEs that the channel is busy. This

CB tone should be sent simultaneously with the RTS packet transmission. In the following, the

conventional and modified CSMA/CA are described in detail.

3.3.2 Conventional CSMA/CA

The main medium access control (MAC) mechanism of IEEE 802.11 is called distributed co-

ordination function (DCF) which is a random access scheme based on the CSMA/CA protocol

with a binary slotted exponential backoff [2]. The default scheme of DCF for packet transmis-

sion is a two-way handshaking technique known as the basic access mechanism. The second

scheme is an optional four-way handshaking technique known as the RTS/CTS mechanism.

DCF adopts a slotted binary exponential backoff scheme to reduce collisions due to simulta-

neous transmission of UEs. This is known as the collision avoidance feature of the protocol.
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Hence, prior to transmission, UEs listen to the channel for a time interval called distributed

inter-frame space (DIFS). Then, if the channel is found to be idle, the UEs generate a random

backoff, Bj , for j = 1, 2, . . . , NUE, where NUE is the number of competing UEs serving by

the considered AP. The value of Bj is uniformly chosen in the range [0, w − 1], where w is

the current contention window size. Before the first transmission try, w is set to the minimum

contention window, CWmin, and after each unsuccessful transmission w is doubled up to the

maximum contention window, CWmax. Thus, the size of the contention window at lth backoff

stage is equal to w = 2lCWmin, for l = 1, 2, . . . ,Mr, where Mr is the retry limit and it is equal

to Mr = log2(CWmax/CWmin). Let B = [Bj ]1×NUE
, be the backoff vector of the UEs. After

sensing the channel for time interval DIFS, UEs should wait for Bj × tslot seconds, where tslot

is the duration of each time slot. Obviously, the UE with the lowest backoff is prior to transmit,

i.e., the u0th UE, where u0 = arg minj(B). Therefore, the u0th UE sends the RTS frame to

the AP before NUE − 1 other UEs. If the RTS frame is received at the AP successfully, the AP

replies after a short inter-frame space (SIFS) with the CTS frame. The u0th UE only proceeds to

transmit the data frame, after the time interval of SIFS, if it receives the CTS frame. Eventually,

an acknowledgment (ACK) packet is transmitted after the period of SIFS by the serving AP

to notify the successful packet reception. The UEs that can hear the u0th UE will freeze their

backoff counter at the start of RTS transmission. The backoff counter will be reactivated when

the channel is sensed to be idle again after the period of DIFS. If the u1th UE cannot hear the

u0th UE, it will start to send RTS frame after waiting for Bu1 × tslot seconds. Here, the u1th UE

is called the hidden node and a collision occurs if (Bu1 − Bu0) × tslot < tRTS, where tRTS is

the RTS transmission time which is directly proportional to the length of RTS frame, LRTS, and

inversely proportional to the uplink rate, Ru, that is tRTS = LRTS/Ru.

RTS and CTS frames carry a network allocation vector (NAV) field which is a virtual carrier-

sensing mechanism. The NAV indicates the number of microseconds that the channel is reserved

by a UE. The NAV in an RTS frame includes the CTS frame, the data frame, and the subsequent

ACK frame from the AP. Nodes that can hear the RTS frame will set their NAV timers corre-

sponding to the RTS NAV. The CTS frame contains a new NAV updated to the time already

elapsed. After the CTS frame is sent, all UEs that can receive the CTS will update their NAV

timer and defer transmission until their NAV timers reach zero. This keeps the channel free for
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Figure 3.1: Conventional and modified four-way handshaking RTS/CTS mechanism.

the u0th UE to complete the process of transmitting data to the AP and alleviates the problem of

hidden nodes. In contrast to RF networks, the UEs cannot hear each other directly in LiFi net-

works since in the downlink and uplink visible light and IR are employed, respectively. Hence,

the downlink filter is tuned in visible light band and cannot sense the uplink transmission of

other UEs via IR. Hence, all UEs are hidden for each other and this problem is extreme in LiFi

networks. Note that since UEs cannot hear the RTS frame in LiFi networks, they can only set

their NAV with the NAV of the CTS frame.

3.3.3 Brief Description of the Modified CSMA/CA Protocol

In the modified CSMA/CA, the AP transmits the CB tone simultaneously with the reception of

the RTS packet to notify the other UEs that the channel is already occupied. The UEs that can

hear the CB tone will freeze their backoff counters. The backoff counters will be reactivated

when the channel is sensed to be idle again after the period of DIFS. If the AP does not transmit

the CB tone, the other users will continue to count down their backoff time. Once the backoff

time reaches zero, the UEs start to send the RTS packet and in this case it is very probable that

a collision occurs. A comparison between the conventional and the modified CSMA/CA with
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RTS/CTS mechanism is shown in figure 3.1 when they are adopted in a LiFi network. As it

can be seen, for the conventional CSMA/CA in a LiFi network, the RTS of user 2 collides with

the RTS of user 1 since user 2 cannot hear user 1. This issue has been solved in the proposed

modified CSMA/CA by means of the CB tone. Here, user 2 can hear the CB tone from the AP

and it will freeze its backoff counter. Next, the AP transmits the CTS with the NAV. Since user

2 can hear the CTS packet, it defers its transmission for the period of NAV. Hence, the modified

CSMA/CA can address the problem of hidden nodes in a LiFi network.

3.3.4 Uplink Throughput

In the modified CSMA/CA for LiFi networks, collision only occurs if the backoff time of at

least two UEs reach zero simultaneously. Thus, they transmit at the same time and the packets

collide. The analysis of normalized throughput and collision probability is the same as the

analysis provided in [106]. In the following, we only provide a summary of the equations and

further detail is provided in [106]. The normalized uplink throughput is given as:

T̃u =
PtPsE[tD]

(1− Pt)tslot + PtPsE[ts] + Pt(1− Ps)tc
, (3.6)

where Pt = 1 − (1 − Pw)NUE is the probability of at least one transmission in the considered

backoff time slot, Ps = NUEPw(1− Pw)NUE−1/Pt is the probability of successful transmission,

and Pw = 2
w+1 is the probability that a UE transmits on a randomly chosen time slot. In (3.6),

E[tD],E[ts] and tc are the average transmission time of data packets, the average successful

transmission time and the collision time, respectively. Assuming that all data packets have the

same length, then:

E[ts] = ts =tRTS + tSIFS + tdely + tCTS + tSIFS + tdely + tHDR + tD + tSIFS

+ tdely + tACK + tDIFS + tdely,

E[tD] = tD,

tc = tRTS + tDIFS + tdely,

(3.7)

where tdely is the propagation delay. Also, tCTS and tACK are the transmission time of CTS and

ACK packets, respectively. Furthermore, tSIFS and tDIFS are the duration of SIFS and DIFS,
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Figure 3.2: Normalized uplink throughput using modified RTS/CTS access protocol versus dif-
ferent number of UEs in a LiFi attocell for various sizes of contention window.

respectively. Note that the packet header includes both physical and MAC headers.

Finally, the uplink throughput of the jth UE can be obtained as follows:

Ru,j =
T̃uBu,n

NUE
log2 (1 + Su,j) . (3.8)

where Bu,n is the uplink bandwidth of the nth FR plan and Su,j is the SINR at the AP when

communicating with the jth UE and it is given as:

Su,j =
(RPu,optHı,j)

2

η2N0Bu,n +
∑

j∈Π (RPu,optHi,j)
2 , (3.9)

where Π is the set of other UEs using the same bandwidth as the jth UE and communicating

with the ith AP, (i 6= ı) simultaneously with the jth UE; and Pu,opt is the transmitted uplink

power which is assumed to be the same for all UEs.

The analytical results based on (3.6) and Monte-Carlo simulation results of the normalized up-
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Parameter Symbol Value

Average length of uplink payload LD 2000 B
Physical header HPHY 128 b
MAC header HMAC 272 b
RTS packet size LRTS 288 b
CTS packet size LCTS 240 b
ACK packet size LACK 240 b
SIFS tSIFS 16 µs

DIFS tDIFS 32 µs

Backoff slot duration tslot 8 µs
Propagation delay tdelay 1 µs

Table 3.1: Uplink simulation parameters [2].

link throughput versus different number of UEs in a LiFi attocell with an RTS/CTS access pro-

tocol are shown in figure 3.2. Note that since the aim of these results is to show the effect of

contention window size on the uplink throughput, we assume all UEs transmit packets with the

same data rate of 1 Mbps. The results are presented for various sizes of contention window with

the parameters given in Table 3.1. As we can see from figure 3.2, when there are few UEs in

the network, the contention window with smaller size outperforms. The reason for this is that

the header caused by their backoff time is lower and the UEs do not need to wait for a long

time to transmit data. However, as the number of UEs increases, the probability of collision also

increases which leads to throughput degradation. Therefore, for crowded networks, the proba-

bility of collision can be reduced by increasing the size of the contention window. In fact, by

increasing the size of the contention window, the probability of having two or more UEs with

the same backoff time reduces, which ensures a low collision probability.

3.4 Feedback Mechanism

Over the last few years, studies have repeatedly illustrated that permitting the receiver to send

some information bits about the channel conditions to the transmitter can allow effective re-

source allocation and downlink throughput enhancement. This feedback information is usually

the SINR at the receiver [6, 79]. However, sending this information is at the cost of uplink

throughput degradation. Therefore, there is a trade-off between downlink and uplink through-
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put when the amount of feedback varies. Let’s define the feedback ratio, ε, as the ratio of total

feedback time and total transmission time as:

ε =

∑
tfb

ttot
, (3.10)

where tfb is the feedback duration. Figure 3.3-(a) denotes a general feedback mechanism, in

which feedback information is transmitted periodically after an interval of tu. Denoting that

the denominator of (3.10) is the total transmission time which is equal to ttot = (ND + Nf)tfr,

where ND and Nf are the number of data and feedback frames in the total transmission time.

The total feedback time is Σtfb = Nftfb. Replacing these equations in (3.10), the feedback ratio

can be obtained as:

ε =
Nftfb

(ND +Nf)tfr
=

tfb(
1 + ND

Nf

)
tfr
. (3.11)

Since ttot = (ND + Nf)tfr = Nftu, then 1 +
ND

Nf
=
tu
tfr

, and substituting it in (3.11), it can be

simplified as:

ε =
tfb
tu
. (3.12)

Then, the uplink throughput of the jth UE in consideration of feedback is given by:

Ru,j =

(
1− tfb

tu

)
T̃uBu,n

NUE
log2 (1 + Su,j) . (3.13)

Due to the use of DCO-OFDM modulation, the AP requires the SINR information of K/2 − 1

subcarriers. The extreme and least cases for sending the SINR information are full feedback

and one-bit fixed-rate feedback, respectively. These schemes are shown in figure 3.3-(b) and

figure 3.3-(c). In the FF scheme, UEs send the SINR of all subcarriers at the beginning of each

data frame. Obviously, this impractical method produces a huge amount of feedback. According

to the one-bit feedback technique, the AP sets a threshold for all UEs. Each UE compares

the value of its SINR to this threshold. When the SINR exceeds the threshold, a ‘1’ will be

transmitted to the AP; otherwise a ‘0’ will be sent. The AP receives feedback from all UEs and

then randomly selects a UE whose feedback bit was ‘1’. If all the feedback bits received by

the AP are zero, then no signal is transmitted in the next time interval. However, in this case
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Figure 3.3: Feedback schemes.

the AP can also randomly choose a UE for data transmission. For a large number of UEs this

solution has a vanishing benefit over no data transmission when all the received feedback bits

are ‘0’ [107].

As can be induced from (3.12), the feedback ratio can generally be reduced by means of either

decreasing the content of feedback or increasing the update interval. In the following, we pro-

pose the LCF and LFF techniques. The former is based on reducing the feedback information in

each frame and the latter is based on increasing the update interval.

3.4.1 Proposed LCF Scheme

Unlike RF wireless and optical diffused channels, the frequency selectivity of the channel in

LiFi networks is mostly characterized by the limitations of the front-end devices, rather than

the multipath nature of the channel [54]. In order to assess the frequency response of the indoor

LiFi channel, computer simulations are conducted. The simulations are performed for a network

size of 10 × 10 × 2.15 m3. The network area is divided equally into nine quadrants with one

AP located at the center of each. It is assumed that the center of the XY -plane is located in
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Parameter Symbol Value

Network space – 10× 10× 2.15 m3

Number of APs NAP 9

Cell radius rc 2.35 m
LED half-intensity angle Φ1/2 60◦

Receiver FOV Ψc 90◦

Physical area of a PD A 1 cm2

Gain of optical filter gf 1

Refractive index ς 1

PD responsivity R 1 A/W
Reflection coefficient of walls ρw 0.85

Reflection coefficient of floor ρf 0.2

Number of subcarriers K 2048

Transmitted optical power Pd,opt 8 W
Downlink FR bandwidth Bd,n 10 MHz
Fitted coefficient f0 7.2 MHz
Conversion factor η 3

Noise power spectral density N0 10−21 A2/Hz

Table 3.2: Downlink simulation parameters.

the center of the room. The other parameters are listed in Table 3.2. The normalized frequency

response of the channel gain, |H(f)|2
|HLOS(0)|2 , for a UE placed at different positions in the room is

depicted in figure 3.4. As can be seen, the normalized frequency response fluctuates around the

LOS component and the variation of the fluctuation is less than 1 dB. Moreover, the channel

gain variation is less significant for UEs that are further away from the walls of the room, due

to the dominant effect of the LOS link compared to the NLOS channel [108]. Accordingly, the

frequency selectivity of LiFi channels is mainly confined by front-end components, and the fre-

quency selectivity of the front-end elements are relatively deterministic although not frequency

flat. The average received power at the UE is much more dynamic and is significantly depen-

dent on the position of the UE. Therefore, by only updating the average power, a reasonable

estimate of the SINR of all the subcarriers can be obtained. This idea forms the foundation of

our proposed LCF scheme.

Figure 3.3-(d) represents the principal working mechanism of our proposed LCF scheme. Ac-

cording to the LCF scheme, when a UE connects to an AP, it sends the SINR information of all

subcarriers only once at the beginning of the first frame. For the following frames and as long
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Figure 3.4: Normalized channel gain, |H(f)|2
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as the UE is connected to the same AP, it only updates the scheduler on its received average

power (i.e., the DC channel component). Once the UE connects to a new AP, it will transmit the

SINR information of all subcarriers again. The proposed LCF scheme then simply scales the

individual SINR values received in the next frames such that the total average power matches

the updated average power [30]. Thus, the estimated SINR on the kth subcarrier of the jth UE

at time instance t is given as:

Ŝd,j,k(t) ≈ Sd,j,k(0)
Sd,j,0(t)

Sd,j,0(0)
, (3.14)

where Sd,j,k(0) is the downlink SINR of the jth UE on the kth subcarrier at t = 0. The scheduler

uses this estimated SINR information for subcarrier allocation according to (3.1).

The most significant difference between the LCF technique and one-bit feedback method is

that the AP does not have any knowledge about the SINR value of each subcarrier and it just

knows that the SINR is above or lower than a predetermined threshold for the one-bit feedback

technique. However, thanks to the use of LCF approach, the AP can have an estimation of the

SINR value for each subcarrier.
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3.4.2 LFF Scheme to Support Mobility

Due to the slowly-varying nature of the indoor LiFi channels, the UE can update the AP about its

channel condition less frequently, especially when the UE is immobile or it moves slowly [31].

Mobility is one of the main factors that can lead to a considerable channel variation of a UE.

Therefore, in order to maintain the required QoS and support seamless connectivity, mobile UEs

are needed to update the AP every tu seconds about their channel conditions. In the following,

we first introduce the RWP mobility model that is considered in the analysis of the proposed

LFF mechanism. Then, the LFF scheme is described in detail. Note that the RWP model is

just an example of a mobility model, which does not affect the general idea of the proposed

LFF scheme. Another point is that as soon as the UE changes the attocell, it is required to

update the new AP with its channel condition. The average time that a UE spends in an attocell

before leaving it, depends on the cell radius. This average time is called sojourn time [109]. For

the typical LiFi attocells, this sojourn time is much greater than the update interval within an

attocell. Hence, in the analysis of LFF, we can only focus on the mobility of the UE within one

attocell.

We consider a FR plan in both downlink and uplink to reduce the co-channel interference and

also guarantee the cell edge users data rate. Furthermore, hard handover with threshold is as-

sumed with the decision metric of |Sı − Si| < αTh, where Sı and Si are the SINR of the

serving AP and adjacent APs, respectively; and αTh is the handover threshold. According to the

considered soft handover scheme, when the difference of SINR from two APs goes below the

threshold, handover will occur.

As shown in figure 3.5, the UE distance at time instance t from the AP is d(t) =
(
r2(t) + h2

)1/2,

where r(t) = (r2
0 + v2t2 − 2r0vt cos θ̂)1/2 with θ̂ = π − cos−1

(
~r0·~v
| ~r0||~v|

)
; ~r0 is the initial UE

distance vector from the cell center at t = 0 with |~r0| = r0; and ~v is the vector of the UE’s

velocity with |~v| = v. Here, r0 has the PDF of fR0(r0) = 2r0/r
2
c and θ̂ follows a uniform

distribution with the PDF of fΘ(θ̂) = 1/2π. For notation simplicity, the dependency of the

equations to time is omitted unless it is confusing.
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Figure 3.5: RWP movement model.

3.4.2.1 LFF Scheme

Based on the UE’s velocity, we aim to find the appropriate channel update interval, tu, so that

the expected weighted average sum throughput of uplink and downlink per user is maximized.

Weighted sum throughput maximization is commonly used to optimize the overall throughput

for bidirectional communications [110], [111]. The optimization problem (OP) is formulated as:

max
tu

E[r0],[θ̂]

 1

NUE

NUE∑
j=1

(
wdRd,j(tu) + wuRu,j(tu)

) , (3.15)

where Rd,j and Ru,j are the average downlink and uplink throughput of the jth UE, respec-

tively, with the corresponding weights wd and wu, both take values from the range [0, 1]. Note

that [r0] = [r01, · · · , r0NUE
] and [θ̂] = [θ̂1, · · · , θ̂NUE

] are random variable vectors with in-

dependent and identically distributed (i.i.d) entities; E[r0],[θ̂]
[·] is the expectation with respect

to the joint PDF f([r0], [θ̂]) = f(r01, · · · , r0NUE
, θ̂1, · · · , θ̂NUE

). Since r0j’s and θ̂j’s are

i.i.d, we have f([r0], [θ̂]) = fR0(r0j)fΘ(θ̂j)
∏
i 6=j fR0(r0i)fΘ(θ̂i). The expectation can go

inside the summation, then, we have E[r0],[θ̂]

[
Rd,j(tu)

]
= Er0j ,θ̂j

[
Rd,j(tu)

]
for downlink and
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E[r0],[θ̂]

[
Ru,j(tu)

]
=Er0j ,θ̂j

[
Ru,j(tu)

]
for uplink. Since r0j’s and θ̂j’s are i.i.d, then:

Er01,θ̂1
[
Rd,1(tu)

]
= · · ·=Er0NUE

,θ̂NUE

[
Rd,NUE

(tu)
]
,Er0,θ̂

[
Rd(tu)

]
Er01,θ̂1

[
Ru,1(tu)

]
= · · ·=Er0NUE

,θ̂NUE

[
Ru,NUE

(tu)
]
,Er0,θ̂

[
Ru(tu)

]
.

After substituting the above equations in (3.15) and some manipulations, the OP can be ex-

pressed as:

max
tu

(
T = wuEr0,θ̂

[
Ru(tu)

]
+ wdEr0,θ̂

[
Rd(tu)

])
, (3.16)

The average is calculated over one update interval, since it is assumed that the UE feeds back its

velocity information to the AP after each update interval. It is noted that T is the average result

of all UEs. The opposite behaviour of Ru and Rd with respect to the update interval (the former

directly and the latter inversely are proportional to the update interval), results in an optimum

point for T . In the following, Ru and Rd are calculated with some simplifying assumptions.

The exact and general state of SINR at the receiver is provided in (3.5). However, for ease

of analytical derivations, it can be simplified under some reasonable assumptions including:

i) the interference from other APs can be neglected due to employing FR plan, ii) Hi,j,k ≈

HLOS,i,jHfe,k. The latter assumption is based on the fact that in LiFi systems, HLOS,i,j >>

HNLOS,i,j . Moreover, Hfe is assumed to be the same for all UEs. It was shown in figure 3.4 that

the variation of the frequency response fluctuation around the LOS component is less than 1 dB.

For a vertically upward UE, cosφij = cosψij = h/dij , can be substituted in (2.7), then, the DC

gain of the LOS channel is HLOS,i,j = G0/d
m+3
ij , where G0 = (m+1)A

2π sin2 Ψc
gfς

2hm+1. Hence, the

approximate and concise equation of SINR at the kth subcarrier of the jth UE is given by:

Sj,k ≈
Ge

−2kBd,n
Kf0(

r2
j + h2

)m+3 , (3.17)

where G =
KG2

0R
2P 2

d,opt

(K−2)η2N0Bd,n
and rj is the distance between the jth UE and the center of the cell.
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Substituting (3.17) in (3.2), the downlink throughput is given as:

Rd,j =
Bd,n

K

K
2
−1∑

k=1

log2

1 + πj,k
Ge

−2kBd,n
Kf0(

r2
j + h2

)m+3

 . (3.18)

Noting that for SINR values of larger than 10 dB, we have:

Rd,j
∼=
Bd,n

K

K
2
−1∑

k=1

πj,k log2

 Ge
−2kBd,n
Kf0(

r2
j + h2

)m+3

 . (3.19)

The same approximations can be also considered for uplink throughput. DefineGu =
(G0RPu,opt)2

η2N0Bu,n
,

then, the SINR at the AP is Su,j = Gu/(r
2
j + h2)m+3. Substituting it in (3.13), the uplink

throughput of the jth UE can approximately be obtained as:

Ru,j
∼=
(

1− tfb
tu

)
T̃uBu,n

NUE
log2

 Gu(
r2
j +h2

)m+3

 . (3.20)

Without loss of generality and for ease of notations, we consider one of the UEs for the rest

of the derivations and remove the subscript j. The average uplink throughput over one update

interval is given as:

Ru =

(
1− tfb

tu

)
T̃uBu,n

NUE

1

tu

∫ tu

0
log2

(
Gu

(r2(t) + h2)m+3

)
dt

=
2(m+ 3)T̃uBu,n

NUE

(
1− tfb

tu

)(
1

2(m+ 3)
log2

(
Gu

(r2(tu) + h2)m+3

)
+
r0 cos θ̂

2vtu
log2

(
r2(tu) + h2

r2
0 + h2

)
+

1

ln(2)
− (h2 + r2

0 sin2 θ̂)
1
2

vtu ln(2)
tan−1

(
vtu − r0 cos θ̂

(h2 + r2
0 sin2 θ̂)

1
2

)

−(h2 + r2
0 sin2 θ̂)

1
2

vtu ln(2)
tan−1

(
r0 cos θ̂

(h2 + r2
0 sin2 θ̂)

1
2

))
.

(3.21)
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The average downlink throughput over one update interval can be obtained as:

Rd =
Bd,n

Ktu

∫ tu

0

kreq∑
k=1

log2

 Ge
−2kBd,n
Kf0

(r2(t) + h2)m+3

 dt

=
kreqBd,n

Ktu

∫ tu

0
log2

(
Ge−(kreq+1)Bd,n/Kf0

(r2(t) + h2)m+3

)
dt

=
2(m+ 3)kreqBd,n

K

(
1

2(m+ 3)
log2

(
Ge−(kreq+1)Bd,n/Kf0

(r2(tu) + h2)m+3

)

+
r0 cos θ̂

2vtu
log2

(
r2(tu)+h2

r2
0 + h2

)
+

1

ln(2)
− (h2+ r2

0 sin2 θ̂)
1
2

vtu ln(2)
tan−1

(
vtu − r0 cos θ̂

(h2 + r2
0 sin2 θ̂)

1
2

)

−(h2 + r2
0 sin2 θ̂)

1
2

vtu ln(2)
tan−1

(
r0 cos θ̂

(h2 + r2
0 sin2 θ̂)

1
2

))
.

(3.22)

where kreq is the required number of subcarriers to be allocated to the UE at t = 0. With the

initial and random distance of r0 from the cell center, the required number of subcarriers can

approximately be obtained as:

kreq
∼=

KRreq

Bd,n log2

(
G/(r2

0 + h2)m+3
) . (3.23)

The proof of (3.23) is given in Appendix A.

From a practical point of view, with adaptive modulation and coding (AMC) level described

in [54], the requested data rate can be satisfied by allocating kreq subcarriers to the user. Thus,

the achieved data rate would be

Rachieved =
Bd,n

K

kreq∑
k=1

εk (3.24)

where εk is the spectral efficiency (bits/symbol) of the kth subcarrier. Note that for the case of

uncoded M -QAM modulation, we have εk = log2(M).

Both the average uplink and downlink throughput given in (3.21) and (3.22), respectively, are

continuous and derivative in the range (0, 2rc/v). Therefore, we can express the following

proposition to find the optimal update interval that results in the maximum sum-throughput.
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Proposition. Let tu be continuous in the range of (0, 2rc/v). The optimal solution to the OP

given in (3.16) can be obtained by solving the following equation:

Er0,θ̂

[
∂T
∂tu

]
= wuEr0,θ̂

[
∂T u

∂tu

]
+ wdEr0,θ̂

[
∂T d

∂tu

]
= 0. (3.25)

For vtu � h, the root of (3.25) can be well approximated as:

t̃u,opt
∼=

 3ln(2)
2(m+3)wutfbT̃uBu,nC1

wdv2NUERreq + C2wuv2T̃uBu,n

1
3

, (3.26)

where

C1 =

Er0
[
log2

(
Gu

(r2
0 + h2)m+3

)]
Er0
[
log2

(
G

(r2
0 + h2)m+3

)]
Er0,θ̂

[
(h2 + r2

0 sin2 θ̂)2

(h2 + r2
0)3

] ,

C2 = Er0
[
log2

(
G

(r2
0 + h2)m+3

)]
.

(3.27)

Proof: See Appendix B.

As can be seen from (3.26), the optimum update interval depends on both physical and MAC

layer parameters. Among them, the UE velocity affects the update interval more than others.

Let’s fix the other parameters, then t̃u,opt = Cconst/v
2
3 , whereCconst =

(
3ln(2)

2(m+3)
wutfbT̃uBu,nC1

wdRreq+C2wuT̃uBu,n

)1
3

.

3.5 Results and Comparison of Limited-Feedback Schemes

In order to compare the downlink performance of FF, one-bit feedback and LCF, Monte-Carlo

simulations are executed. The simulation tests are carried out 103 times per various number of

UEs, and with the parameters given in Table 3.2. In each run, the UEs’ locations are chosen

uniformly random in the room. Once they settle in the new locations, they update the AP about

their subcarrier SINR as explained. Then, the AP, reschedules the resources based on (3.1).

The request data rate of all UEs are assumed to be the same. Figure 3.6 illustrates the average

downlink throughput versus the different number of UEs for LCF, FF and one-bit feedback

schemes. As can be seen from the results, the performance of the LCF is better than the one-bit
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Figure 3.6: Average downlink throughput for different feedback schemes (average request data
rate: 20 Mbps and 40 Mbps).

feedback scheme and the gap between LCF and FF schemes is less than 1 Mbps. As the number

of UEs increases, the gap between the considered feedback schemes increases. However, the

LCF follows the FF fairly well, especially for a low data request rate. Moreover, compared

to the one-bit feedback technique, the LCF scheme occupies a smaller portion of the uplink

bandwidth.

We study the effect of the UE’s velocity and transmitted downlink optical power on the update

interval as illustrated in figure 3.7. Analytical and Monte-Carlo simulations are presented for

wu = wd, NUE = 5 and with the downlink and uplink simulation parameters given in Table 3.1,

Table 3.2 and Table 3.3. For a fixed tu, Monte-Carlo simulations are accomplished 104 times,

where in each run, the UE’s initial position and destinations are randomly chosen. Then, for

the considered tu, the expected sum-throughput, T , can be obtained by averaging out over 104

runs. Afterwards, Monte-Carlo simulations are repeated for different tu varying in the range

0<tu<2rc/v. The optimal update interval corresponds to the maximum sum-throughput. The

effect of the UE’s velocity on the optimal update interval for Rreq = 5 Mbps and Rreq = 20

Mbps is shown in figure 3.7-(a). Here, we can see that the optimal update interval decreases

rapidly as the UE’s speed increases, according to v−2/3. Furthermore, Monte-Carlo simulations
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Figure 3.7: The effects of UE’s velocity and downlink optical power on optimal update interval
for Rreq = 5 Mbps and Rreq = 20 Mbps, and NUE = 5.

confirm the accuracy of the analytical results provided in (3.26). Figure 3.7-(b) illustrates the

saturated effect of transmitted optical power on t̃u,opt. As can be observed, the variation of the

optimal update interval due to alterations of Pd,opt is less than 30 ms. From both figure 3.7-(a)

and figure 3.7-(b), it can be deduced the lower Rreq, the higher t̃u,opt.

Now, let’s consider an overloaded multiuser scenario with NUE users. The fair scheduler in-

troduced in (3.1) tries to equalize the rate of all UEs. For a high number of subcarriers, the

UEs achieve approximately the same data rate. Accordingly, the average achieved data rate of

UEs in an overloaded network for a high number of subcarriers would nearly be λRreq, where

0<λ< 1. This system is equivalent to a non-overloaded multiuser system where all UEs have
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Parameter Symbol Value

Transmitted uplink optical power Pu,opt 0.2 W
Uplink FR bandwidth Bu,n 5 MHz
Feedback time tfb 0.8 ms

Table 3.3: Uplink simulation parameters.
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Figure 3.8: Optimal update interval versus overload parameter, λ, for different UE’s velocity
(NUE = 5).

achieved an average data rate of λRreq. Then, the approximate optimal update interval that

results in near-maximum sum-throughput is given as:

t̃u,opt
∼=

 3ln(2)
2(m+3)wutfbT̃uBu,nC1

wdv2NUEλRreq + C2wuv2T̃uBu,n

1
3

. (3.28)

Analytical and Monte-Carlo simulations of an overloaded system are shown in figure 3.8. Three

speed values are chosen around the average human walking speed which is 1.4 m/s [26]. Note

that to obtain an overloaded system either the number of UEs or their request data rate can

be increased. In the results shown in figure 3.8, we fixed the number of UEs to NUE = 5

and increase their Rreq. As can be inferred from these results, as the network becomes more

overloaded, the optimal update interval should be increased. The reason for this is that updating

the AP frequently is useless and it wastes the uplink resources due to lack of enough resources

in an overloaded network.
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To verify the significance of update interval in practical systems, three scenarios have been

considered. Scenario I: a system without any update interval; Scenario II: a system with the

conventional fixed update interval but without looking at the UE’s velocity; Scenario III: a sys-

tem with the proposed update interval and adjustable with the UE’s velocity. For these scenarios,

Monte-Carlo simulation results of the expected sum-throughput versus different UE’s velocity

have been obtained and presented in figure 3.9. In scenario I, the UEs only update the AP once

at the start of the connection by transmission of the SINR information of K/2 − 1 subcarriers.

For scenario II, the fixed update interval is considered to be tu = 10 ms and independent of

UE’s velocity. A fixed update interval is currently used in LTE systems with tu = 10 ms by

transmission of one-bit feedback information at the beginning of every frame [112]. It is worth

mentioning that for practical wireless systems, it is common to transmit feedback frequently,

e.g., at the beginning of each frame regardless of the UE channel variation and its velocity. As

can be seen from the results, the proposed LFF scheme outperforms the conventional method

with a fixed update interval. For low speeds (up to 0.5 m/s), the conventional fixed update inter-

val even falls behind the system without any update interval. This is due to redundant feedback
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Scheme Overhead

Full feedback B(K/2− 1) bpf
One-bit feedback (K/2− 1) bpf
Proposed LCF B bpf
Proposed LFF B(K/2− 1)/M bpf

Table 3.4: Comparison of feedback schemes in terms of overhead.

information being sent to the AP. The gap between LFF and scenario II with a fixed update in-

terval is due to both higher uplink and downlink throughput of LFF. LFF provides higher uplink

throughput thanks to the transmission of lower feedback compared to the fixed update interval

scheme. Also, in scenario II, the UEs after 10 ms update the AP with one bit per subcarrier, and

the AP does not know the SINR value of each subcarrier to allocate them efficiently to the UEs.

A comparison between the FF, one-bit feedback, LCF and LFF schemes in case of transmitted

overhead is given in Table 3.4. It is assumed that the SINR on each subcarrier can be fed back

to the AP using B bits, and M = [t̃u,opt/tfr]. Note that for M ≥ (B + 1), the overhead per

frame of the LFF scheme is lower than the one-bit feedback technique. Also, for M ≥ K/2,

LFF scheme produces lower overhead per frame in comparison to LCF. For NUE = 5, B = 10,

tfr = 1.6 ms and Rreq = 5 Mbps the overhead per frame versus different numbers of subcarriers

are illustrated in figure 3.10. The rest of the parameters are the same as those given in Table 3.1,

Table 3.2 and Table 3.3. As can be observed from figure 3.10, the FF scheme generates a huge

amount of feedback overhead especially for a high number of subcarriers. The practical one-bit

feedback reduces the overhead by a factor of B. As can be seen, the LCF always falls below the

one-bit feedback method. The gap between the LCF and one-bit feedback becomes remarkable

for higher numbers of subcarriers. The overhead results of the LFF have been also presented

for a stationary UE and a UE with low and normal speeds. Clearly, the LFF generates the lower

feedback overhead per frame as the UE’s velocity tends to zero. The expected sum-throughput

of different feedback schemes with the same parameters as mentioned above are summarized in

Table. 3.5. As we expected, the LFF outperforms the other schemes when the UEs are stationary.

However, the sum-throughput of the LCF method is higher for mobile UEs.
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Figure 3.10: Transmitted overhead versus different number of subcarriers.

Scheme
Expected sum-throughput

(v = 0 m/s)
Expected sum-throughput

(v = 1 m/s)

Full feedback 6.67 Mbps 6.67 Mbps
One-bit feedback 7.64 Mbps 7.47 Mbps
Proposed LCF 8.33 Mbps 8.33 Mbps
Proposed LFF 8.35 Mbps 8.08 Mbps

Table 3.5: Comparison of feedback schemes in case of expected sum-throughput, NUE = 5,
Rreq = 5 Mbps and wu = wd = 1.

3.6 Summary

In this chapter, two methods for reducing the feedback cost were proposed: i) the LCF scheme,

and ii) the LFF method. The former is based on reducing the content of feedback information

by only sending the SINR of the first subcarrier and estimating the SINR of other subcarriers

at the AP. The latter is based on the less frequent transmission of feedback information. The

optimal update interval was derived, which results in the maximum expected sum-throughput

of uplink and downlink. The Monte-Carlo simulations confirmed the accuracy of the analytical

results. The effect of different parameters on the optimum update interval was studied. It was
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also shown that the proposed LCF and LFF schemes provide an improvement of 0.86 and 0.61

Mbps, respectively, sum-throughput for mobile users with average speed of v = 1 m/s compared

to the practical one-bit feedback method. Furthermore, both LCF and LFF while transmit a

lower amount of feedback in comparison to the one-bit feedback technique. Therefore, both

LCF and LFF schemes can be used to support mobility and seamless connectivity in a LiFi

cellular network.
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Chapter 4
Modeling the Random Orientation of

Mobile Devices: Measurement and
Analysis

4.1 Introduction

Device orientation is an important factor that can affect the system performance significantly.

The knowledge of device orientation statistics at the AP can help to improve system performance

such as user throughput. The device orientation information can be fed back through limited-

feedback mechanism discussed in the previous chapter. In LiFi systems, smartphones are more

prone to device random device orientation and requires a deep analysis.

Smartphones are the most significant and indispensable part of the wireless network generating

about 86% of mobile data traffic [1]. LiFi as part of the future 5G can handle this immense data

traffic thanks to future LiFi-enabled smartphones. Hence, an analysis of device orientation is

required for purposes of resource allocation and handover management. Generally, users tend

to work with their smartphones in a comfortable manner which is not necessarily vertically up-

ward. Smartphones are equipped with a gyroscope that can measure the device orientation. This

orientation information can be fed back to the AP via limited-feedback methods described in the

previous chapter [4, 30, 31]. Then, the AP can use the orientation information for resource al-

location and handover management purposes. Many previous studies in LiFi networks assumed

that the receiver is vertically upward and fixed for simplicity purposes and also due to the lack

of a proper model for device orientation. However, there are few studies that have considered

the effect of device orientation in their analysis [13–25, 113, 114]. Nevertheless, none of these

studies have considered the actual statistics of device orientation and have mainly assumed a uni-

form or Gaussian distribution with hypothetical moments for device orientation. In this chapter,
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based on experimental measurements from forty participants, a new statistical model for device

orientation has been proposed.

In [13], the authors consider three standard angles similar to those used in mobile devices to

model the device orientation; namely yaw, pitch and roll. Based on this model, the effect of

arbitrary orientation on users’ throughput and network load balancing is investigated. The prob-

lem of handover due to device rotation for downlink in an indoor optical attocell network was

first proposed in [14]. The handover probability has been obtained for both sitting and mobile

users while considering device orientation. In [15], the handover probability in hybrid LiFi/RF-

based networks is evaluated assuming randomly-oriented devices. The impact of the receiver’s

tilted angle on the channel capacity of VLC is investigated in [16]. The lower and upper bounds

of the channel capacity for the VLC are presented and by considering an optimization prob-

lem the channel capacity has been improved by tilting the receiver plane properly. In [17], a

theoretical expression of the BER for input-dependent noise of VLC using on-off keying has

been derived. Then, a convex optimization problem is formulated based on the derived BER

expression to minimize the BER performance by tilting the receiver plane. The impact of de-

vice orientation on BER performance of DCO-OFDM and OOK modulation has been evaluated

in [18] and [32], respectively. A closed form approximation for BER of randomly-orientated

UEs is derived. In [19, 115], the effect of random orientation on BER performance of spatial

modulation is evaluated for both stationary and mobile users.

The effect of device orientation on positioning has been investigated in several studies [20–23].

By using the accelerometer sensor, the positioning technique proposed in [20] can be used for

any arbitrary device orientation. Downlink and uplink indoor positioning techniques based on

VLC while considering the tilting of the device have been developed in [21] and [22], respec-

tively. It is shown that the tilting angle can affect the positioning error significantly. Therefore,

device orientation should be considered in the positioning analysis [23]. The SNR and spectral

efficiency improvement of OFDM signals for indoor LiFi systems by optimally tilting the re-

ceiver plane is proposed in [24]. In [25], the effect of random orientation on the LOS channel

gain for a randomly located UE has been investigated. The statistical distribution of the channel

gain has been derived for a single LED and extended to a scenario with double LEDs. The ef-

fect of device orientation has been studied on sojourn time of LiFi systems in [113]. The SNR
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statistics of mobile users with random orientations in an indoor LiFi system, where the mobility

of users are modeled based on RWP, are derived in [114]. We note that none of these studies

are supported by any experimental data. A measurement of the random orientations of mobile

devices has been made in [116], but the authors only measure the statistics of the pace of change

of the device orientation. Their results, therefore, do not describe the statistical model of the

randomly-oriented devices in general. Our recent works in [10, 68] report some initial results

based on the experimental data from 40 participants. The effect of randomly-oriented devices

has been studied and a statistical model of the LiFi channel considering the random orientation

is proposed. In the following, further detail about experimental measurements as well as device

orientation analysis are provided.

The rest of the chapter is organized as follows. In section 4.2, an experimental setup is explained

and based on that the statistics of mobile device orientation have been obtained. In section 4.3,

an analysis of random orientation effect on channel gain is discussed. The statistics of channel

gain is then obtained in section 4.4 and the analysis of device orientation impact on channel gain

is presented in section 4.5. The effect of device orientation on error performance is evaluated in

section 4.6. Finally, a summary of this chapter is presented in section 4.7.

4.2 Mobile Device Orientation Statistics

An experiment is designed to study mobile users behavior and to develop a statistical model for

the orientation of mobile devices that act as the receiver for wireless communication systems.

During the experiment, 40 participants were asked to use their cellphones normally, which cre-

ated 222 datasets for orientation. They were asked to use the cellphone in both portrait and

landscape modes for one minute. In the portrait mode, the users were asked to do activities such

as texting and browsing while in the portrait mode they were asked to watch a short video of

length 1 minute. We asked them to work in portrait and landscape mode for two times. It is

noted that both sitting and walking activities were recorded in an indoor environment. The ori-

entation data is measured for both sitting and mobile users. In the experimental measurement,

the application Physics Toolbox Sensor Suite has been used as it can provide instantaneous rota-

tion angles, α, β and γ [117]. This application can run in the background while the participants
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can perform activities that require data connection, e.g., browsing or watching streaming videos.

This application can sample data with a resolution of 1 millisecond. Below is a summary of the

experimental setup:

• Activities while sitting:

1. Browsing twice in portrait mode,

2. Watching streaming videos twice in landscape mode,

• Activities while walking following a certain path:

1. Browsing in portrait mode,

2. Watching streaming videos in landscape mode.

The path that the participants took was in a straight corridor with dimensions of 40 m ×1.5 m.

The participants were asked to walk down the corridor once. We note that the shape of the test

area should not affect the experimental results and the model for the elevation angle since it

mostly depends on the posture and physical attributes of typical users rather than the environ-

ment. This has been confirmed with sets of uncontrolled data collections from participants using

their device in different environments [11].

Measurement and Analysis

The statistics of the azimuth and polar angles can be measured based on the collected experimen-

tal data set. In order to evaluate the similarity of measurement data with a particular distribution,

we consider KSD, skewness and kurtosis. The two-sample KSD is the maximum absolute dis-

tance between the cumulative distribution functions (CDFs) of two data vectors, which can be

obtained as [118]:

D = max
x

(∣∣∣F̂1(x)− F̂2(x)
∣∣∣) , (4.1)

where F̂1(x) and F̂2(x) are the CDFs of the first and second data vectors, respectively. Smaller

values of KSD correspond to more similarity of the distributions. Skewness is another metric

to evaluate the similarity of two distributions. It is described as a measure of the symmetry
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(a) Yaw (b) Pitch (c) Roll
Figure 4.1: Histograms of orientation angles α, β, and γ for sitting activities obtained from

experimental measurements.

or asymmetry of a probability distribution. A perfectly symmetrical distribution will have a

skewness of 0. For example, the Gaussian and Laplace distributions both have a skewness of 0.

Mathematically, the skewness of a random variable (RV) X is defined as [119]:

Skew[X] =
E
[
(x− µx)3

]
σ3

x

, (4.2)

where µx and σ2
x are the mean and variance of the distribution X . The other metric that we

considered is Kurtosis, which is a measure of the tailedness of a probability distribution. It is

given as:

Kurt[X] =
E
[
(x− µx)4

]
σ4

x

. (4.3)

The kurtosis of Laplace, Gaussian and Uniform distributions are 6, 3 and 1.8, respectively.

The histograms for angles α, β, and γ, obtained from experimental measurements, along with

the Laplace and Gaussian fitted distributions are shown in Figs. 4.1 and 4.2, respectively for

sitting and walking activities. It can be seen that the distributions are well fitted with a Laplace

distribution for sitting activities while histograms are more close to a Gaussian distribution for

walking activities. The mean and variance for each case is noted in Table 4.1. The statistics

given in Table 4.1 can be used to model the random device orientation. The parameter Ω shows

the user direction as explained in 2.9.2.
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(a) Yaw (b) Pitch (c) Roll
Figure 4.2: Histograms of orientation angles α, β, and γ for walking activities obtained from

experimental measurements.

For these angles, α, β and γ, we model them with Laplace and Gaussian distributions taking

into account the first and second laws of error. According to the first law of error proposed by

Laplace in 1774, the frequency of an error can be represented as an exponential function of the

numerical magnitude of the error, regardless of the sign as fX(x) = kc
2 e
−kc|x−xq|, where x and

xq are the measured data and actual value, respectively and kc is a constant [120]. The second

law of error was also proposed by Laplace four years later and it states that the frequency of

error is an exponential function of the square of the error, that is, fX(x) = 1√
2πσx

e
− (x−xq)2

2σ2x with

σ2
x as the variance of measured data. This is also called the normal distribution or Gauss law of

error [120].

The PDF of α, β and γ, are estimated based on a set of almost uncorrelated data samples taken

from the measurement data. Since the acquired data from the application are unevenly-spaced

in time, we first generate a set of sufficiently separated data in time to ensure that samples

taken from an individual user are almost uncorrelated. To define the proper separation between

uncorrelated samples, we need to calculate the coherence lag between the samples that can

be acquired by the autocorrelation function (ACF). However, due to the uneven distribution

of samples in time, the classical Fourier analysis is no longer valid. In fact, interpolation can

be used to generate evenly spaced data samples but this would affect the autocorrelation by

removing higher frequencies [121,122]. Another solution would be to use least-squares spectral
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Sitting Walking
α β γ α β γ

Mean Ω-90 40.78 -0.84 Ω-90 28.81 -1.35
Standard deviation 3.67 2.39 2.21 10 3.26 5.42

Kurtosis 6.12 7.97 11.82 3.47 3.84 4.06
Gaussian KSD 0.07 0.09 0.13 0.02 0.03 0.02
Laplace KSD 0.01 0.01 0.04 0.04 0.06 0.05

Coherence Time 0.342 0.377 0.331 0.131 0.176 0.142

Table 4.1: Statistics of orientation measurement.

analysis (LSSA) [123, 124]. Based on the LSSA method, we first calculate the power spectral

density (PSD) of the unevenly spaced samples and then, the ACF can be estimated by calculating

the inverse Fourier transform of the PSD. This technique has been explained in detail in our

recent paper [125]. The results show that the coherence time of the elevation angle is in the

order of few hundred milliseconds. This is in accordance with the results presented in Table 4.1.

Note that using (2.33), the orientation of device can be expressed in the spherical coordinate

system based on polar angle, θ and azimuth angle, ω. Therefore, we can have tractable analysis

of device orientation. The sample PDF of the azimuth angle for sitting and walking activities are

represented in figure 4.3-(a) and figure 4.3-(b), respectively. As can be seen, the azimuth angle

closely follows a uniform distribution, i.e., ω ∼ U [−π, π), with the skewness of−0.03, kurtosis

of 1.68 and KSD of 0.034 for sitting activities. Also it is shown that walking activities have

a skewness of −0.0045, kurtosis of 1.85 and KSD of 0.019. Note that the peaks in the PDFs

(more visible for sitting) are due to the limited number of users, therefore, the azimuth angle is

correlated for each sitting user along with the direction of the chair they used.

The histogram of θ is shown in figure 4.3-(c) for sitting activities and in figure 4.3-(d) for walking

activities. The KSD is used to measure the distance between the Gaussian or Laplace distribu-

tions and the collection of datasets. The skewness and kurtosis of the collection of datasets are

also calculated. These values are given in Table 4.2. From this table, the kurtosis of the polar

angle, θ, for sitting activities is 6.36 which is closer to the kurtosis of the Laplace distribution

than the Gaussian distribution, whereas for walking activities the kurtosis of empirical data is

3.77 which confirms a greater similarity to the Gaussian distribution compared to the Laplace

distribution. Hence, for sitting activities, the Laplace distribution closely matches the distri-
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(a) Sitting activities
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(c) Sitting activities
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(d) Walking activities

Figure 4.3: Samples PDFs of azimuth and polar angles with their distribution fitting.

bution of the experimental measurements in comparison with the Gaussian distribution when

considering both KSD and kurtosis metrics. For walking activities, however, the Gaussian dis-

tribution matches the experimental data more closely. The reason for this is because when the

users are static, they tend to put their hands on the desk and keep the smartphone with almost a

fixed orientation. Hence, some variations around a high peak in the pdf are expected. While if

they are mobile and working with their smartphone, the peak is expected to be lower with more

variations around it. In the following, we mainly focus on the sitting activities and therefore the

derivations are based on the Laplace distribution for the polar angle. However, one can readily

apply a similar methodology to obtain the analytical results for the Gaussian distribution. The

other important observation here is in regards to the moments of the measured data. The mean
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Polar Angle (θ) [degree]

Empirical Data
The Gaussian

Fitting
The Laplacian

Fitting
Skewness Kurtosis µG σG KSD µL σL KSD

Sitting 0.21 6.36 41.23 7.18 0.04 41.39 7.68 0.04

Walking 0.13 3.77 29.67 7.78 0.02 29.74 8.59 0.05

Table 4.2: Statistical model of the orientation of mobile devices.
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Figure 4.4: Representation of one ensemble of the stochastic RPs, β, γ and θ for three UE
locations at (−2,−2), (3, 3) and (0, 0). Here, Ω = π

4 and the sampling time is
Ts =13 ms.

of the sitting and walking activities are about 41◦ and 30◦, respectively and both with a standard

deviation of less than 9◦.

Figure 4.4 illustrates one ensemble of the stochastic processes β, γ and θ. As can be seen, the

pitch angle, β, varies around the mean value of E[β] = −35.81◦ and the roll angle, γ, fluctuates

around its mean value which is zero. This means that the user tends to hold their cellphone with

a pitch angle of −35.81◦ and a roll angle of zero. However, due to the random nature of users

behavior, fluctuations are observed in pitch, roll and consequently in polar angles. The variations

in the pitch and roll angles also affect the LOS channel gain.

To characterize the temporal behavior of the random device orientation as a random process,

the coherence time of the channel needs to be known. Autocorrelation is one common way to

calculate the coherence time of a stochastic random process. Denoting the autocorrelation of θ

77



Modeling the Random Orientation of Mobile Devices: Measurement and Analysis

as Rθ(t), the coherence time of the polar angle stochastic process denoted by Tc,θ represents

the time it takes for the random process to become uncorrelated with its initial value and can

be defined as Rθ(Tc,θ) = 0.05Rθ(0) = 0.05 [126]. Our experimental results show that the

coherence time of the angle θ is in the order of a few hundreds of milliseconds [125]. However,

the coherence time of the LOS channel gain highly depends on the UE’s location and direction

(determined by the angle Ω), which is in the order of a few tens of milliseconds. Accordingly, the

effect of random orientation may be modeled as a slow large-scale fading effect as the coherence

time of the channel variation due to random orientation, Tc,H, is very large compared to the

typical symbol period in LiFi. This implies that the channel gain can be presumed as roughly

constant over a large number of transmitted symbols [126].

Based on the experimental results, the PDF of fθ (θ) can be properly fitted with the truncated

Laplace distribution. Mathematically, θ ∈ [0, π], however, as shown by the experimental mea-

surements, the samples of the angle θ are restricted to the range [0, π2 ]. Therefore, the PDF of θ

can be conveniently denoted as:

fθ(θ) =
exp

(
− |θ−µθ|bθ

)
2bθ
(
G(π2 )−G(0)

) , 0 ≤ θ ≤ π

2
, (4.4)

where bθ =
√
σ2

L/2 > 0. The mean and scale parameters are set to the values from Ta-

ble 4.2. That is, µθ = µL and bθ = bL. Furthermore, G(0) = 1
2 exp

(
−µθ
bθ

)
and G(π2 ) =

1 − 1
2 exp

(
−

π
2
−µθ
bθ

)
. Note that with the parameters for µθ and bθ given in Table 4.2, we have

G(π2 ) ≈ 1 and G(0) ≈ 0. Thus, (4.4) can be simplified as:

f̃θ(θ) ∼=
exp

(
− |θ−µθ|bθ

)
2bθ

, 0 ≤ θ ≤ π

2
, (4.5)

where
∫ π

2
0 f̃θ(θ) dθ ≈ 1. The CDF of θ is also given as:

F̃θ(θ) ∼=


1
2 exp

(
θ−µθ
bθ

)
, θ < µθ

1− 1
2 exp

(
− θ−µθ

bθ

)
, θ ≥ µθ

. (4.6)
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4.3 Analysis of Random Orientation Effect on Channel Gain

The downlink geometry of a LOS link in an indoor LiFi system is shown in figure 2.3. Let’s

denote the locations of a UE and an AP position by the vectors (xu, yu, zu) and (xa, ya, za),

respectively. From figure 2.3 and the LOS DC gain given in (2.7), it is clear that for a particular

UE position, the statistics of the LOS highly depend on the device orientation. In order to

develop the statistics of the LOS channel gain, the statistics of cosψ should first be determined

based on the statistics of the device orientation discussed in section 4.2. We note that the radiance

angle, φ, is not affected by the random orientation and we always have cosφ = −nt · d/‖d‖.

It should be mentioned that in this section, we focus on the effect of UE’s random orientation in

our analyses and do not consider the possible movements in the user’s hands that may change

the distance d. Note that such random changes in the distance would be small compared to

the average distance between the AP and the UE. Furthermore, if an analysis of the random

movement of the UE is of interest, our results can be readily used as the conditional statistics of

the channel gain for a given location of the UE to develop the joint statistics assuming that the

statistics of the random movement is available. This is similar to how we analyze the effect of

random orientation in a mobile scenario in section 5.2.5 where the random movement is modeled

based on the random waypoint model.

4.3.1 The PDF of cosψ

Throughout this chapter, we calculate the PDF of cosψ conditioned on ω. Let the vector d be

the distance vector from the UE to the AP. Noting that the vector n′u given in (2.31), denotes

the normal vector of the UE receiver after rotation, the cosine of the incidence angle, ψ, can be

obtained as:

cosψ =
n′u · d
d

=

(
xa − xu

d

)
sin θ cosω +

(
ya − yu

d

)
sin θ sinω +

(
za − zu

d

)
cos θ,

(4.7)

where ω is given in (2.33) and depends on α, β and γ. According to the experimental data, the

standard deviation of γ in portrait mode for sitting and walking activities is 0.072 and 0.113

radian, respectively. The standard deviation of β in landscape mode for sitting and walking ac-
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tivities is 0.044 and 0.091 radian, respectively. These small values of standard deviation confirm

that when a user is working with the cellphone in portrait mode, the roll angle, γ, is almost

zero. Whereas, when the user works with the cellphone in landscape mode, the pitch angle, β, is

close to zero. Hence, substituting γ = 0 in (2.33), it can be simplified as ω̂ = tan−1
(− cosα

sinα

)
.

Therefore, for portrait mode, we have:

ω̂ =

α−
π
2 α ∈ (0, 3π

2 ]

α− 5π
2 α ∈ (3π

2 , 2π]
. (4.8)

Similarly for landscape mode, we have:

ω̂ =

α α ∈ (0, π]

α− 2π α ∈ (π, 2π]
. (4.9)

Comparing Ω given in (2.34) and (2.35), with the above equations for ω̂, one can easily deduce

Ω = ω̂ + π. Note that, based on the measurements, the mean absolute error of approximating

the angles ω as ω̂ is about 0.09 and 0.14 radian respectively for sitting and mobile users, which

confirms a relatively good accuracy of the approximation. For the rest of this study, we consider

the angle Ω in the equations since it has a better physical interpretation compared to the angles

ω̂ or ω. As noted before, the angle Ω represents the angle of direction the user is facing and

the X-axis of the Earth coordinate system. Therefore, (4.7) can be approximated as cosψ ∼=
−
(
xa−xu
d

)
sin θ cos Ω −

(ya−yu
d

)
sin θ sin Ω +

(
za−zu
d

)
cos θ. For simplicity of notation, this

equation can be rewritten as:

g(θ) , cosψ = λ1 sin θ + λ2 cos θ, (4.10)

where

λ1 = −
(
xa − xu

d

)
cos Ω−

(
ya − yu

d

)
sin Ω,

λ2 =

(
za − zu

d

)
.

(4.11)

The coefficients λ1 and λ2 play a prominent role in the analysis of cosψ so it is worth investi-

gating them in detail to help readers intuitively understand them. Throughout this study, the AP
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is always located above the UE, i.e., λ2 > 0. The coefficient λ1 can be rewritten as:

λ1 =

√
(xa − xu)2 + (ya − yu)2

d2
cos

(
Ω− tan−1

(
yu − ya

xu − xa

))
,

Fixing the AP location, the peak of the coefficient λ1 only depends on the position of the UE.

Meanwhile, the sign of the coefficient λ1 is negative if the UE does not face the AP (opposite

direction to the AP). For example, if the AP is located in the position (0, 0, 2), and the UE is

located in (−1, 0, 0), then λ1 will be negative if −π2 < Ω < π
2 . In addition, the coefficients λ1

and λ2 should satisfy the following inequalities:

−1 < λ1 < 1, 0 < λ2 ≤ 1, and λ2 ≤
√
λ2

1 + λ2
2 ≤ 1. (4.12)

Based on the sign of λ1, the term cosψ may be a monotonically decreasing function of θ (Case

1) or it may be a concave downward function with one peak (Case 2). These two cases are

explained next and the PDF of cosψ is derived for each case. The detailed derivations are

provided in Appendix C.

1) For λ1 < 0 (Case 1): If λ1 < 0, λ2 > 0 and 0 < θ < π
2 , it can be seen from (4.10) that

cosψ is a monotonically decreasing function of θ. Using the fundamental theorem to calculate

the PDF of a function of an RV given in [127], we get the PDF of cosψ as:

fcosψ(τ) =

fθ

(
− sin−1

(
τ√
λ21+λ22

)
− tan−1

(
λ2
λ1

))
√
λ2

1 + λ2
2 − τ2

, λ1 < τ < λ2, (4.13)

where τ denotes the realization of the RV cosψ. Let’s define:

ssf , sup supp (fcosψ) (4.14)

as “sup supp” stands for supremum of the support of fcosψ. This metric is presented to empha-

size that ssf is not always 1. For λ1 < 0, ssf = λ2 which is strictly less than 1.

2) For λ1 ≥ 0 (Case 2): If λ1 ≥ 0, λ2 > 0, and 0 < θ < π
2 , (4.10) is a concave downward
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function. Then, the maximum value of (4.10) is at the point θ∗ given as follows:

θ∗ = arg max
0 < θ < π

2

(λ1 sin θ + λ2 cos θ) = tan−1

(
λ1

λ2

)
. (4.15)

For this case, the PDF of cosψ has been derived in detain in Appendix C. Note that for λ1≥ 0,

ssf =
√
λ2

1 + λ2
2 ≤1. It is worth noting that the PDF expressions given for the two cases do not

particularly depend on whether θ is Laplace or Gaussian distributed so one can apply either of

the distributions into these PDFs ((4.13) and (C.3) of Appendix C) and calculate the distribution

of cosψ.

4.3.2 Approximate PDF of cosψ

In order to make the performance analysis of LiFi systems with random orientation tractable,

one would be interested in approximating the closed-form PDF equations (4.13) and (C.3) of

Appendix C with simpler expressions. In this section, we show that the truncated Laplace distri-

bution can be used to approximate the PDF of cosine of the incidence angle, fcosψ for the sitting

scenario. Assuming a walking scenario, an approximation of the exact PDF as a truncated Gaus-

sian distribution can be made similarly.

Note that the non-zero mean random variable θ can be expressed as θ = µθ + θ′, where θ′

follows a zero mean Laplace distribution with the same variance as θ. Substituting θ = µθ + θ′

in (4.10), and expanding the cosine and sine functions, we have:

cosψ = λ1 sin θ′ cosµθ + λ1 sinµθ cos θ′ + λ2 cos θ′ cosµθ − λ2 sin θ′ sinµθ. (4.16)

Under the condition of a small variance for θ, and employing the first-order Taylor series ap-

proximation (sin θ′ ∼= θ′ and cos θ′ ≈ 1), then, (4.16) can be approximated as:

cosψ ∼= λ1θ
′ cosµθ + λ1 sinµθ + λ2 cosµθ − λ2θ

′ sinµθ

= (λ1 cosµθ − λ2 sinµθ) θ
′ + λ1 sinµθ + λ2 cosµθ.

(4.17)

Noting that cosψ is a linear function of θ′ and τ̂min ≤ cosψ ≤ τ̂max, the PDF of cosψ can be

82



Modeling the Random Orientation of Mobile Devices: Measurement and Analysis

expressed based on the truncated Laplace distribution given as follows:

f̃cosψ(τ̂) =
fθ′(τ̂)

Fθ′(τ̂max)− Fθ′(τ̂min)
, τ̂min ≤ τ̂ ≤ τ̂max, (4.18)

where τ̂min = −1 and taking into account the supremum of the support of fcosψ, then, τ̂max = λ2

for λ1 < 0 and τ̂max =
√
λ2

1 + λ2
2 for λ1 ≥ 0. In (4.18), θ′ follows a Laplace distribution with

the following parameters:

µ̂θ = λ1 sinµθ + λ2 cosµθ, (4.19)

b̂θ = bθ |λ1 cosµθ − λ2 sinµθ| . (4.20)

Substituting τ̂min and τ̂max in (4.18), the truncated Laplace distribution of cosψ conditioned on

Ω is given as:

f̃cosψ(τ̂) =
1

∆(µ̂θ, b̂θ, τ̂max)
exp

(
−|τ̂ − µ̂θ|

b̂θ

)
, (4.21)

where ∆(µ̂θ, b̂θ, τ̂max)=2b̂θ

(
1− 1

2 exp
(
µ̂θ−τ̂max

b̂θ

)
− 1

2 exp
(
−1−µ̂θ
b̂θ

))
and the support range of

f̃cosψ is −1 ≤ τ̂ ≤ τ̂max. Furthermore, the corresponding CDF can be obtained by simplifying

the F̃cosψ(τ̂) =
∫ τ̂
−1 f̃cosψ(x)dx, as follows:

F̃cosψ(τ̂)=


b̂θ

∆(µ̂θ,b̂θ,τ̂max)

(
exp

(
τ̂−µ̂θ
b̂θ

)
− exp

(
−1−µ̂θ
b̂θ

))
, τ̂ < µ̂θ

b̂θ
∆(µ̂θ,b̂θ,τ̂max)

(
2− exp

(
µ̂θ−τ̂
b̂θ

)
− exp

(
−1−µ̂θ
b̂θ

))
, τ̂ ≥ µ̂θ

(4.22)

In order to evaluate the accuracy of our proposed truncated Laplace model based on the first-

order Taylor series, we have calculated the average KSD with respect to the experimental data

over different positions in a room of size 10×10 m2. The average KSD for sitting activities of the

proposed model given in (4.21) and the exact PDF given in (4.13) and (C.3) of Appendix C are

0.055 and 0.026, respectively. These values are relatively small so that our exact derived PDF

and the proposed approximation based on the first order Taylor series show a close similarity

with the sample PDF from the experimental measurements. Note that, as indicated before, an

approximation of the exact PDF for the walking scenario as a truncated Gaussian distribution

can be made similarly using the linear relationship of cosψ and θ′ in (4.17).
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Figure 4.5: Comparisons between sample PDF of experimental measurements, the closed-form
PDFs and the approximation expression for different locations of UE and with fixed
(xa, ya, za) = (0, 0, 2), zu = 0, Ω = π. The users are assumed to be stationary.

Figure 4.5 presents a comparison between the PDF of cosψ given in (4.13) and (C.3) of Ap-

pendix C with the approximate PDF expressed in (4.21) for different positions of the UE with θ

following the Laplace distribution. The UE is assumed to be stationary with Ω = π and located

in the XY -plane, i.e., zu = 0. The AP location is (xa, ya, za) = (0, 0, 2). As can be seen, the

first-order Taylor approximate PDF provides a well-matched approximation with the experimen-

tal measurements. Taking a close look at the results, it can be inferred that for λ1 ≤ 0, fcosψ is

still closely Laplace distributed. Although, for λ1 > 0 and especially when it is close to 1, the

shape of fcosψ does not resemble a Laplace distribution, however, it still can be approximated

with a truncated Laplace distribution.

Let’s define Cw = {(xu, yu)|λ1 cosµθ = λ2 sinµθ}. It can be inferred from (4.20) that when

(xu, yu) ∈ Cw, then, b̂θ = 0. To give readers a context, the set Cw is a line (a hyperline in R2) at

which the orientation of the UE faces the AP. In other words, when (xu, yu) ∈ Cw the channel

attenuation is small. Under this condition, the PDF of the approximation method turns into a
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probability mass function, i.e., it becomes a discrete RV. In this case, we observe a sudden jump

in the KSD value [68]. In fact, this anomaly only occurs when (xu, yu) ∈ Cw. However, the

area of the line Cw in R2 is zero and so this is a negligible part of the typical indoor room area.

Furthermore, we will show that if (xu, yu) ∈ Cw, the BER performance is less sensitive to the

random orientation [18].

4.4 The Statistics of Channel Gain

After justifying the proposed approximation for the PDF of cosψ, we can use the simple equa-

tion given in (4.21) instead of the more complicated equations given in (4.13) and (C.3) of

Appendix C to calculate the LOS channel gain and further related derivations. Note that the

PDF of the channel gain derived in this section is the conditional PDF given the location and

direction of the UE. Therefore, having the statistics of the user location, the joint PDF of the

channel gain with respect to both UE orientation and location can be readily obtained. In the

next chapter, we use this approach to develop an orientation-based random waypoint model to

analyze mobile wireless systems.

The DC gain of the LOS optical channel can be expressed as HLOS = H0 cosψ
dm+2 for 0 ≤ ψ ≤

Ψc and HLOS = 0 for ψ ≥ Ψc, where H0 = (m+1)gf ς
2Ahm

2π sin2 Ψc
. Thus, for any given position

(xu, yu, zu), the PDF of H can be expressed as follows:

fH(~) =
1

hn
fcosψ

(
~
hn

)
+ Fcosψ (cos Ψc) δ(~) (4.23)

where δ(~) is the Dirac delta function, taking 1 if ~ = 0, and 0 otherwise; hn = H0
dm+2 is the

normalizing factor. The support range of fH(~) is hmin ≤ ~ ≤ hmax, where hmin and hmax are

given as:

hmin =


H0

dm+2
cos Ψc, if cosψ < cos Ψc

H0

dm+2
min{λ1, λ2}, o.w

(4.24)

hmax =


H0

dm+2
λ2, if λ1 < 0

H0

dm+2

√
λ2

1 + λ2
2, if λ1 ≥ 0

(4.25)
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Parameter Symbol Value

LED half-intensity angle Φ1/2 60◦

Receiver FOV Ψc 90◦

Physical area of a PD A 1 cm2

Gain of optical filter gf 1

Refractive index ς 1

Vertical distance of UE and AP h 2 m

Table 4.3: Simulation parameters of channel gain.

The proof of (4.23) is provided in Appendix D. After some manipulations and using f̃cosψ,

(4.23) can be rewritten for the sitting scenario (i.e., Laplace distribution assumption for θ) as:

fH(~) =
exp

(
− |~−µH|bH

)
bH

(
2− exp

(
−hmax−µH

bH

)) + Fcosψ (cos Ψc) δ(~), (4.26)

with the support range of hmin ≤ ~ ≤ hmax; The parameters µH and bH are given as:

µH =
H0

dm+2
(λ1 sinµθ + λ2 cosµθ) , (4.27)

bH =
H0

dm+2
bθ|λ1 cosµθ − λ2 sinµθ|. (4.28)

Moreover, for the special case of bH ≈ 0, we have fH(~) ∼= δ(~ − hmax) and for the case that

Pr(ψ < Ψc) ≈ 0, the PDF would be fH(~) ∼= δ(~).

The CDF of the LOS channel gain can be also obtained by calculating the integral of (4.26),

which is given as:

FH(~) = cH +



exp
(
~−µH
bH

)
− exp

(
hmin−µH

bH

)
(
2− exp

(
−hmax−µH

bH

)) , hmin ≤ ~ ≤ µH

2− exp
(
hmin−µH

bH

)
− exp

(
−~−µH

bH

)
(
2− exp

(
−hmax−µH

bH

)) , hmin ≤ µH ≤ ~

exp
(
−hmin−µH

bH

)
− exp

(
−~−µH

bH

)
(
2− exp

(
−hmax−µH

bH

)) , µH ≤ hmin ≤ ~

. (4.29)

where cH = Fcosψ (cos Ψc). In fact, cH shows the probability of being out of UE’s FOV due to
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Figure 4.6: Comparison between measurement-based simulations and analytical results of PDF
of channel gain for different locations in the room with Ω = π

4 .

random orientation.

Figure 4.6 represents the PDF of the LOS channel gain obtained from analytical results given in

(4.26) and the measurement-based simulations. The results are provided for different positions

in the room with Ω = π
4 . The simulation parameters are provided in Table 4.3. The results show

the accuracy of the derived analytical PDF. The magnitude of the Dirac delta term is almost zero

in figure 4.6-(a) and figure 4.6-(c) while it is 0.0336 and 0.006 in figure 4.6-(b) and figure 4.6-(d),

respectively. Figure 4.6-(a) and figure 4.6-(b) illustrate two positions that correspond to λ1 = 0

and λ1 < 0, respectively while figure 4.6-(c) and figure 4.6-(d) present the positions associated
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Figure 4.7: Geometry of critical elevation angle.

to λ1 > 0. As can be seen, for λ1 ≤ 0, the analytical derivation of the LOS channel gain

and the measurement-based simulations match very well. For λ1 > 0, we still observe a good

accommodation between the analytical and simulation results and in fact the difference happens

at ~ = hmax as shown in figure 4.6-(c) and figure 4.6-(d). We also observe that the distribution

of the channel gain significantly changes from the Laplacian shape as λ1 −→ 1 or equivalently

(xu, yu) approaches to the Cw region as shown in figure 4.6-(d). As it can be seen from figure

4.3-(c), there is a small peak around θ = 25◦. This peak in the PDF of polar angle results in the

observed small peak in the channel gain of figures 4.6-(a), 4.6-(b) and 4.6-(c) around channel

gains of 7.5× 10−6, 2.1× 10−6 and 0.47× 10−6, respectively. The peak at the channel gain of

6.2 × 10−6 in figure 4.6-(c) is because the UE is faced toward the AP. This is more obvious in

figure 4.6-(d) since the UE is almost aligned to the AP (mathematically, ψ ≈ 0).

4.5 Analysis of Orientation on Channel Gain

Before analyzing user’s performance metrics such as average SNR and BER, let us define the

critical elevation (CE), θce, which defines the elevation angle at the boundary of the FOV of the

receiver. As shown in figure 4.7, the CE angle for a given position of UE, (xu, yu), and user’s

direction, Ω, is the elevation angle for which ψ = Ψc, where Ψc is the UE’s FOV. Thus, θ ≥ θce

results in ψ ≥ Ψc, and the channel gain would be zero. This angle depends on both the UE

position and its direction, Ω which is given as follows:

θce = cos−1

(
cos Ψc√
λ2

1 + λ2
2

)
+ tan−1

(
λ1

λ2

)
, (4.30)
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Figure 4.8: The effect of changing θ on cosψ for different locations of the UE with fixed Ω =
45◦ and Ψc = 90◦.

where the coefficients λ1 and λ2 are given in (4.11). Proof of (4.30) is provided in Appendix E.

As can be seen from (4.11), the parameter λ1 contains the direction angle, Ω. The physical

concept of positive λ1 is that the UE is facing to the AP while if it is not facing to the AP, λ1 is

negative. On the other hand, since always zu < za, we have λ2 > 0. It should be mentioned that

the acceptable range for θce is [0, 90] similar to the polar angle, θ, which takes values between

0◦ and 90◦. Note that for a given location of UE, the minimum CE angle, θth, is obtained for

Ω = π + tan−1
(
yu−ya
xu−xa

)
, Ωth which is given as:

θth = Ψc + sin−1

(
h

d

)
− π

2
. (4.31)

The effect of changing the elevation angle, θ, on the LOS channel gain for different locations

of the UE with a fixed direction angle, Ω = 45◦ and Ψc = 90◦, is shown in figure 4.8. Other

parameters are presented in Table 4.3. It can be seen that for the UE’s locations ofL4 =(−3,−3)

and L5 = (−4,−1) by increasing the elevation angle, the LOS channel gain decreases. After

θce = 25.24◦ and θce = 29.5◦ for L4 and L5, respectively, the AP is out of the UE’s FOV and
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hence the LOS channel gains are zero. However, with the same Ω = 45◦ if the UE is located at

L1 = (3, 3) or L2 = (4, 1), the LOS channel gain does not become zero if the elevation angle

changes between 0◦ and 90◦. This means that the AP would be always in the UE’s FOV.

It is noted that under the condition of θ < θth the AP is always within the UE’s FOV for any

direction of Ω. For a given UE’s location, we are also interested in the range of Ω for which the

LOS channel is active. Let’s denote this range asRΩ,θ. This range can be determined according

to the following Proposition.

Proposition. For a given UE’s location, the range of Ω for which the LOS channel gain is non-

zero is [0, 2π] if θ is smaller than or equal to a threshold angle θth = Ψc + sin−1
(
h
d

)
− π

2 .

Otherwise it is given as follows:

RΩ,θ=

[0,Ωr1)
⋃

(Ωr2, 2π], if Λ′(Ωr1) < 0

(Ωr1,Ωr2), if Λ′(Ωr1) ≥ 0
, (4.32)

where Λ′(Ω) = −κ1 sin
(

Ω− tan−1
(
yu−ya
xu−xa

))
+ κ2 with:

κ1 =

√
(xu − xa)2 + (yu − ya)2

d
sin θ and κ2 =

(za − zu)

d
cos θ. (4.33)

Also Ωr1 = min{Ω1,Ω2} and Ωr2 = max{Ω1,Ω2}, where:

Ω1 = cos−1

(
cos Ψc − κ2

κ1

)
+tan−1

(
yu − ya

xu − xa

)
,

Ω2 = − cos−1

(
cos Ψc − κ2

κ1

)
+tan−1

(
yu − ya

xu − xa

)
.

(4.34)

Proof: See Appendix F.

The LOS channel gain versus Ω for locations of L1 and L5 (see the inset of figure 4.8) with

θ = θth (dash line) and θ = 41◦ ≥ θth (solid line) are shown in figure 4.9. Note that for L1 and

L5, we have θth = 25.24◦ and θth = 25.88◦, respectively. As can be seen, if θ < θth, then, ∀Ω ∈

[0, 360), LOS channel gain is always non-zero (dash lines). Based on the proposition, the range

of Ω for which the LOS channel gain is non-zero with θ = 41◦ > θth is [0, 167.8)∪ (282.2, 360]
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Figure 4.9: The effect of changing Ω and θ on the LOS channel gain with Ψc = 90◦, for different
positions and elevation angles θ = 41◦ (solid lines) and θ = θth (dash lines).

for L1 and [70.1, 318] for L2.

It can be inferred form the Proposition that for a given UE’s location and θ, the probability that

the LOS link is not within the UE’s FOV (due to change of Ω) is Pr{H = 0} = 1 − Pr{Ω ∈

RΩ,θ}. Figure 4.10 shows the Pr{H = 0} versus the horizontal distance between the UE and

the AP, r, for different UE’s FOV. The results are obtained by changing Ω from 0◦ to 360◦ for

each r with θ = 41◦. As can be observed, Pr{H = 0} = 1, for UEs with a narrow FOV

(i.e., Ψc = 30◦ and 40◦) when they are located in the vicinity below the AP. As the horizontal

distance, r, increases, Pr{H = 0} first decreases and then it increases as it goes away from the

AP. For wide FOVs (i.e., Ψc = 60◦, 80◦ and 90◦), Pr{H = 0} is zero when the UE is in the

vicinity below the AP, and then it starts to increase at a certain r. This can be derived based on

(4.31) for Ψc ≥ θ that is r ≥ h tan(Ψc − θ). Note that the high probability of losing the LOS

link particularly for narrower FOVs is due to the fact that a single AP is considered and the effect

of reflections are ignored. A study of such effects has been presented in our recent work [125].
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Let RΩ denote the range for which the LOS channel gain is always non-zero regardless of θ,

i.e., ∀θ ∈ [0, 90]. The range,RΩ, can be determined according to the following Corollary.

Corollary. For a given UE’s location, the range of Ω for which the LOS channel gain is non-zero

for all θ ∈ [0, 90] can be obtained as:

RΩ = RΩ,θ|For θ=90. (4.35)

Proof of this corollary is similar to the proof of Proposition 1. Noting that the worst elevation

angle that leads to the smallest range of Ω is θ = 90◦. The physical concept ofRΩ is that when

the UE faces the AP, we have Ω ∈ RΩ. Otherwise, if the UE faces the opposite direction of the

AP, Ω /∈ RΩ. In fact, RΩ provides a stable range for which the user can change the elevation

angle between 0 and 90 without experiencing the AP out of its FOV. In the next section, we

will show that under the condition of Ω /∈ RΩ, the BER performance is very sensitive to the

random orientation of UE. We note that the range given in (4.35) is valid if Ψc ≥ cos−1
(
r
d

)
(this condition can be readily seen by substituting θ = 90◦ in (4.33) and then replacing the

results in (4.34)).
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4.6 Bit-Error Ratio Performance

In this section, we evaluate the BER performance of DCO-OFDM in LiFi networks. We initially

derive the SNR statistics on each subcarrier, then based on the derived PDF of SNR, the BER

performance is assessed. Note that the PDF of the SNR derived in this study is the conditional

PDF given the location and direction of the UE. Therefore, having the statistics of the user

location, the joint PDF of the SNR with respect to both UE orientation and location can be

readily obtained.

4.6.1 SNR Statistics

The received electrical SNR on the kth subcarrier of a LiFi system can be acquired as:

S =
R2H2

LOSP
2
opt

(K − 2)η2σ2
N

, (4.36)

where the photodiode (PD) responsivity is denoted by R; HLOS is the LOS channel gain given

in (2.7); Popt is the transmitted optical power; K is the total number of subcarriers with K/2− 1

subcarriers bearing information. Furthermore, η is the conversion factor [128]. As mentioned,

the condition η = 3 can guarantee that less than 1% of the signal is clipped so that the clipping

noise is negligible [4, 129]. In (4.36), σ2
N = N0B/K is the noise power on the kth subcarrier

where N0 stands for the noise spectral density and B is the modulation bandwidth. The PDF of

the LOS channel gain, HLOS, is given in (4.26). Using the fundamental theorem of determining

the distribution of a random variable [130], the PDF of SNR can be obtained as follows:

fS(s) =
fH(

√
s/S0)

2S0

√
s/S0

=
exp

(
− |
√
s−
√
S0µH|√
S0bH

)
2bH
√
S0s

(
2− exp

(
−hmax−µH

bH

)) + cHδ(s), (4.37)

where S0 =
R2P 2

opt

(K−2)η2σ2
N

and with the support range of s ∈ (smin, smax), where smin = S0h
2
min

and smax = S0h
2
max, with hmin and hmax given in (4.24) and (4.25), respectively. Moreover,

cH = Fcosψ (cos Ψc).

By calculating the integral, FS(s) =
∫ s
smin

fS(s)ds, the CDF of SNR on the kth subcarrier can

be obtained. The CDF of SNR can be also acquired by substituting ~ =
√

s
S0 in (4.29), i.e.,
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Parameter Symbol Value

AP location (xa, ya, za) (0, 0, 2)

Downlink bandwidth B 10 MHz
PD responsivity R 1 A/W
Number of subcarriers K 1024

Noise power spectral density N0 10−21 A2/Hz
LED half-intensity angle Φ1/2 60◦

Receiver FOV Ψc 90◦

Physical area of a PD A 1 cm2

Gain of optical filter gf 1

Refractive index ς 1

Vertical distance of UE and AP h 2 m
Transmitted optical power Popt 3 W
Conversion factor η 3

Mean value of polar angle µθ 41◦

Scaling parameter of polar angle bθ 5.43◦

Table 4.4: Simulation parameters.

FS(s) = FH(
√

s
S0 ).

Figure 4.11 shows the PDF and CDF of the received SNR obtained from analytical results com-

pared with the Monte-Carlo simulation results. The UE is located at position L1 = (3, 3) and

the transmitted optical power is 3 W. The results are provided for two directions: Ω = 45◦ and

Ω = 225◦. Other simulation parameters are given in Table 4.4. As it can be seen, the analytical

models for both PDF and CDF of the received SNR match the simulation results. The factor cH

for Ω = 45◦ is 0. This factor for Ω = 225◦ is 0.975 for simulation results and 0.979 for the

analytical model. These results confirm the accuracy of the analytical model.

4.6.2 BER Performance

In this subsection, we aim to evaluate the effect of UE orientation on the BER performance

of a LiFi-enabled device as one use case. BER is one of the common metrics to evaluate the

point-to-point communication performance. Assuming the M-QAM DCO-OFDM modulation,

the average BER per subcarrier of the communication link can be obtained as [38]:

P̄e =

∫ smax

smin

Pe (s) fS(s)ds, (4.38)
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Figure 4.11: Comparison between simulation and analytical results of PDF and CDF of re-
ceived SNR for UE’s location L1 = (3, 3) with Ω = 45◦ and Ω = 225◦.

where Pe determines the BER of M -QAM DCO-OFDM in AWGN channels, which can be

obtained approximately as [131]:

Pe(s) ≈
4

log2M

(
1− 1√

M

)
Q

(√
3s

M − 1

)
, (4.39)

where Q(·) is the Q-function. Substituting (4.37) and (4.39) into (4.38) and calculating the

integral from smin to smax, we get the average BER of the M -QAM DCO-OFDM in AWGN

channels with randomly-orientated UEs. After calculating the integral and some simplifications,

the approximated average BER is given as:

P̄e ≈

−∆0 + 1
2cHcM, µH ≤ hmin

Pe(S0µ
2
H) + 1

2cHcM, hmin < µH ≤ hmax

, (4.40)

where

∆0 =

2
log2M

(
1− 1√

M

)
exp

(
µH−hmin

bH

)
(

2− exp
(
−hmax−µH

bH

)) ,

cM =
4

log2M

(
1− 1√

M

)
.

The proof is provided in Appendix G.
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Figure 4.12: BER performance of point-to-point communications for a UE located at L1 =
(3, 3). Three scenarios are considered: i) vertically upward UE, ii) UE with the
fixed polar angle without random orientation, and iii) real scenario with a random
orientation (Laplace distribution) for polar angle.

Note that if the UE is tilted optimally towards the AP, the BER is minimum. For any arbitrary

location and direction of UE, the optimum tilt (OT) angle is defined as the angle that provides

the maximum channel gain [16,17,23]. This angle is θot = tan−1
(
λ1
λ2

)
and the average BER for

this tilt angle is P̄e ≈ Pe(S0µ
2
H) (since cH = 0).

Figure 4.12 illustrates the BER performance of 4-QAM DCO-OFDM for three scenarios: i) a

vertically upward UE, ii) a UE with a fixed polar angle and without random orientation, iii)

a realistic scenario in which the polar angle follows a Laplace distribution that considers the

random orientation, i.e., θ ∼ L(µθ, bθ). Here, we assume µθ = 41◦ and bθ = 5.43◦ as obtained

based on the experimental measurements. Other simulation parameters are given in Table 4.4.

The results are provided for the UE’s location of L1 = (3, 3). For this location, θot ≈ 65◦.

Some interesting observations can be seen from the results shown in this figure. For the case of

θ = 41◦ and Ω = 135◦, the vertically upward UE outperforms the other two scenarios. Also
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Figure 4.13: BER performance of different modulation orders, M , for vertically upward and
randomly-orientated UEs located at L1 = (3, 3) with Ω = 45◦ and θ = θot.

the gap between the exact and approximate BER is small especially for low transmission power.

By changing Ω from Ω = 135◦ to Ω = 45◦, the BER of the second and third scenarios change

significantly and now outperform the vertically upward UE. The reason for this is because, in this

case, the PD faces the AP. One interesting observation is that after Popt > 3 W, the BER does not

decrease and is saturated. This is due to the constant term in (4.40), i.e., 1
2cHcM, will be dominant

compared to the power-dependent term, i.e., Pe(S0µ
2
H). In other words, due to the random

orientation, there are cases that the LOS link is out of the UE’s FOV and data is lost. The BER

performance of the second and third scenarios can still be better if θ = θot ≈ 65◦. For θ = θot

the maximum LOS channel gain is achieved and under this condition the BER is minimum. This

fact underlines that the device orientation is not always destructive. Furthermore, with θ = θot

the UE’s random orientation has the minimum effect on the BER. We note that for a given

location and Ω, the P̄e given in (4.40) is always upper bounded to the BER of Pe(s) obtained for

θ = θot as it provides the maximum LOS channel gain.
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Figure 4.13 illustrates the BER performance comparison of vertically upward and randomly

orientated UEs for different modulation orders. For these results, the UE is again located at

L1 = (3, 3) with Ω = 45◦ and the elevation angle is set to the optimum tilt angle, θ = θot = 65◦.

Other parameters are the same as given in Table 4.4. As can be seen, randomly-oriented UEs

are highly affected by the increase of the modulation order compared to vertically upward UEs.

As the ratio of BER for modulation orders of M = 4 and M = 16 at Popt = 3 W for randomly-

orientated UEs is 5 × 103 while this ratio for vertically upward UEs is just 22. The other

observation is that randomly-orientated UEs with higher modulation order of M = 16 and with

θ = θot have still better performance than the vertically upward UEs with M = 4.

4.7 Summary

A new model for device orientation based on the experimental measurements is proposed. It

is shown that the PDF of the polar angle follows a Laplace distribution for static users while

it is better fitted to a Gaussian distribution for mobile users. We proposed an approximation

PDF using the truncated Laplace distribution and the accuracy of this approximated method

was confirmed by the KSD test. The LOS channel gain statistics are calculated and it is de-

scribed as a random process for which the coherence time was discussed. We analyzed the

device orientation and assessed its importance on system performance. The PDF of SNR for

a randomly-orientated device is derived, and based on the derived PDF, the BER performance

of DCO-OFDM in AWGN channels with randomly-orientated UEs is evaluated. An approxi-

mation for the average BER of randomly-oriented UEs is calculated that closely matches the

exact one. It is shown that the random orientation should not be neglected, which might lead to

an error floor at some specific locations. We also observed that by orientating the device with

the optimum tilt angle, the transmitted optical power can be reduced around 0.7 W at a BER of

10−6.
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Chapter 5
Efficient LiFi Networking in the

Presence of User Mobility, Random
Orientation and Blockage

5.1 Introduction

In the previous chapter, we assessed the impact of random device orientation on the point-to-

point communication metrics such as received SNR and BER. In this chapter, we will evaluate

the effect of device orientation and user mobility on the system performance of a LiFi network.

Handover is one of the most common methods to measure the network performance. We will

propose a new MDR to support seamless connectivity in a LiFi network. The proposed MDR

structure shows a robust performance compared to the conventional SR (for which all photo-

diodes are placed on one side of a smartphone) in the presence of random device orientation,

user mobility and link blockage. It should be noted that the MDR can improve the performance

of any MIMO technique. However, in this chapter, we focus on the performance of SM as a

use case. SM is a type of MIMO structure that offers enhanced spectral efficiency compared to

non-MIMO systems. It is shown in [132] that SM has lower complexity when compared to full

MIMO (i.e., spatial multiplexing while using all available transmitters).

For the subject of handover in indoor LiFi networks, there are a number of studies in published

research [133]– [134]. In [133], a handover procedure is proposed based on a pre-handover

scheme to initiate broadcasting the UE data on the target cell. The procedure relies on position

estimation obtained by visible light positioning and motion tracking with the Kalman filter.

In [135], a handover management approach is proposed based on the received signal intensity

(RSI). The spatial distribution of the received data rate is studied using software simulations for

both overlapping and non-overlapping lighting scenarios. In [136], power-based and frequency-

based soft handover methods are proposed to reduce data rate fluctuations as the UE moves from
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one cell to another. The statistical distribution of the received data rate is also studied using

computer simulations. In [134], a handover algorithm is proposed with the aim of extending the

transmission bandwidth by minimizing the multipath induced dispersion of the VLC channel.

For a cellular network, the algorithm deactivates those cells that do not cover the UE to decrease

the overall root mean square (RMS) delay spread.

The above studies, however, have significant shortcomings. In principle, they do not focus on

modeling and analysis of the underlying handover mechanism in LiFi networks. Also, the lack

of a standard mobility model for mobile UE devices is evident in these studies. In addition, they

assume that the UE devices are always oriented vertically upward. This assumption may not be

true for LiFi networks, since the UE devices (for example smartphones) have random orienta-

tion while moving. This fact was shown through the experimental measurement as presented in

the previous chapter. Here, we therefore attempt to provide a fundamental modeling approach

required for understanding and analysis of handover in downlink optical attocell networks, con-

sidering the effects of both mobility and change of UE’s orientation. Initially, the RWP model

in [63] is adopted for the UE movement, then, we introduce the ORWP model which consid-

ers the change of UE’s orientation during movement. It should be noted that the ORWP model

has been developed based on the experimental measurements. The handover rate due to the

movement and rotation of the receiver are separately calculated and studied using Monte-Carlo

simulations.

The rest of the chapter is organized as follows. In section 5.2, handover in LiFi systems due to

device orientation and user mobility has been studied. In section 5.3, the MDR configuration

is proposed and its performance has been evaluated in Section 5.4. Finally, a summary of this

chapter is presented in section 5.5.

5.2 Handover Assessment

5.2.1 Handover Criterion

In order to support seamless connectivity for a mobile UE, the downlink connection has to be

handed over between APs without loss or interruption of service. In this section, the RSI of the
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optical signal is considered as the criterion for handover. Thus, a handover decision is made

when there is a new AP in the receiver FOV whose RSI is greater than that of the primary AP.

Note that all APs transmit the same power, and the RSI from an AP is directly proportional to

the DC gain of the corresponding VLC channel. Therefore, the focus is on the DC gains of the

channel for handover assessment.

LetHi, for i = 1, 2, . . . , NAP, be the DC gain for the VLC channels from APs to the UE receiver

at the current time sample, where NAP is the total number of APs. The UE receiver is connected

to the kth AP based on the maximum DC gain criterion so that k = arg maxi(Hi). The DC gains

are updated at each time sample while the UE evolves (i.e., moves or rotates) within the network.

For the next time sample, denoting k′ as the updated index of the AP with the maximum DC

gain, a handover occurs if k′ 6= k.

From the point of view of handover protocols, a certain amount of time is required for process-

ing the handover request before the connection can be completely transferred from one AP to

another. Denote this time by tho, and denote the time that it takes for a UE to pass across or

rotate through an attocell by tmo. Note that if tho > tmo, then the handover does not occur or it

may fail. Throughout this chapter, it is assumed that tho � tmo.

5.2.2 Probability of Handover Due to Receiver Rotation

Here, the probability of handover due to rotation, denoted as Prot, of the UE located at the point

(x, y) is derived. The rotation may occur for each of the two angles θ and Ω (see figure 2.10)

independently and randomly with the PDFs fθ(θ) and fΩ(Ω). This in turn causes a random

DC gain for the VLC channel. To define the handover event, suppose that the UE is initially

connected to APj , for j = 1, 2, . . . , NAP. Any random rotation of the UE leads to a handover if

there is APi, i 6= j, in the receiver FOV after rotation such that Hi > Hj . Hence, the handover

probability is obtained as:

Prot = Pr

⋃
i 6=j
{Hi>Hj}

=1− Pr

⋂
i 6=j
{Hi<Hj}

. (5.1)
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To further evaluate the probability in (5.1), Hi and Hj need to be expanded in terms of the

coordinates and orientation angles of the UE. Using figure 2.3, cosφi = −di · nt/‖di‖ = h/di

can be substituted in (2.7), where di = [xa,i − xu, ya,i − yu, h]T is the distance vector from

the UE located at (xu, yu, zu) and the ith AP located at (xa,i, ya,i, za,i). Also, h = za,i − zu

is the same for all APs. Hence, di = ‖di‖ =
√

(xa,i − xu)2 + (ya,i − yu)2 + h2. With this

result, and after normalizing Hi and Hj to the common term G0 = (m+ 1)Ahmgf/2π, (5.1) is

simplified as:

Prot = 1− Pr

⋂
i 6=j

cosψi

dm+2
i

g(ψi) <
cosψj

dm+2
j

g(ψj)


. (5.2)

The probability of handover due to the receiver rotation as a function of (x, y) can be expressed

as:

Prot(x, y) = 1−
∫∫
R(x,y)

fθ,Ω(θ,Ω) dθdΩ, (5.3)

where fθ,Ω is the joint PDF of the random variables (θ,Ω) given by fθ,Ω(θ,Ω) = fθ(θ)fΩ(Ω),

since θ and Ω are independent [68]. Furthermore,

R(x, y) = {(θ,Ω) | wi(x, y)<wj(x, y) ∀i 6= j}, (5.4)

is the integration region where wi(x, y) = g(ψi) cosψi/d
m+2
i . Note that cosψi = di · n′u/‖di‖

after rotation, where n′u is given in (2.32). This yields:

cosψi =
1

di

[
− (xa,i − xu)(sin θ cos Ω)− (ya,i − yu)(sin θ sin Ω) + (za,i − zu) cos θ

]
.

(5.5)

Case Study I: Handover Probability Due to Change of Direction

Assume Ω ∼ U [0, 2π) and θ = θ0. In other words, a zero roll and a non-zero constant pitch

are assumed for the UE orientation while the direction of the user is a uniform random variable

distributed between 0 and 2π. Here, since Ω is the only random variable, the double integral

in (5.3) reduces to a single integral and by using fΩ(Ω) = 1/2π, the handover probability is
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(a) θ = 0 (b) θ = 30◦

(c) θ = 45◦ (d) θ = 60◦

Figure 5.1: Handover probability at different positions in the network due to changes of UE
direction for θ = 0, 30◦, 45◦, 60◦.

calculated as:

Prot(x, y) = 1−
∫
R0(x,y)

1

2π
dΩ = 1− L0(x, y)

2π
, (5.6)

where R0(x, y) = {Ω | wi(x, y) < wj(x, y) ∀i 6= j} by using (5.4); and L0(x, y) is the

length of the linear subspace defined by R0(x, y). Figure 5.1 illustrates the handover proba-

bility at different positions in the network considering a uniform distribution for Ω in [0, 2π)

and θ = 0, π/6, π/4, π/3. Table 5.1 lists the parameters used for simulation. With four APs

in this setup, the network area is divided into four quadrants with one AP at the center of each

quadrant as shown in figure 5.1. In each quadrant, the UE is assumed to be initially connected
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Parameter Symbol Value

Network space – 10× 10× 2.15 m3

LED half-intensity angle Φ1/2 60◦

Receiver FOV Ψc 90◦

Number of APs NAP 4
Locations of APs – (±2.5,±2.5, 2.15) m

Table 5.1: Simulation parameters of handover.

to the corresponding AP denoted as APj for j = 1, 2, 3, 4. For every position in the network,

the handover probability is calculated based on (5.6). It is observed that by change of the user

direction, depending on the initial position of the UE, the downlink connection is handed over

either one of the three neighboring APs including APi ∀i 6= j, with probability shown in fig-

ure 5.1. Specifically, the handover probability is equal to zero under each AP and it approaches

0.75 as the UE position moves toward the network center. Note that the maximum probability of

handover is equal to 0.75 at the network center. The reason for this is that three out of four APs

are equally likely to be available for handover at the network center, which yields a probability

of 0.75. It is also observed from figure 5.1.(a)–(d) that the areas with a higher probability of

handover are extended by increasing θ. This is especially evident for the red area in the network

center that holds the highest probability of handover. Moreover, there is a blue zone in the center

of each quadrant where the handover probability is equal to zero, and the UE is connected to the

corresponding AP for that quadrant regardless of any value for Ω. Also, the blue zone is smaller

for larger values of θ.

5.2.3 Probability of Handover Due to Receiver Movement

Here, the probability of handover due to movement, denoted as Pmov, of the UE moving from

the initial waypoint (x0, y0) to the destination waypoint (x, y) is derived. The random waypoint

(RWP) mobility model described in section 2.9.1 is employed. The room size is assumed to be

a×a m2. Let Z : A 7→ J such that Z(x, y) = j, be defined as the function which takes the UE

coordinates on the xy-plane and returns the index of the serving AP; A= {(x, y) ∈ R2| |x| <

0.5a, |y| < 0.5a} is the set for all positions in the network and J = {1, 2, . . . , NAP}. The

handover probability can be calculated as:
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Pmov =

NAP∑
j=1

Pr(Z(x, y) 6=j| Z(x0, y0)=j) Pr(Z(x0, y0)=j). (5.7)

The probability that the UE stays in the coverage area of APj can be expressed and obtained as:

Pr(Z(x, y)=j| Z(x0, y0)=j) = Pr(Z(x, y) = j), (5.8)

because the UE randomly chooses the destination waypoint (x, y) independent of the initial

waypoint (x0, y0), according to the RWP model. Using (2.7), and with a similar approach used

in Section 5.2.2 to express Hi in terms of the spherical angles, θ and Ω, then, Aj is defined as

the set for all positions included within the coverage area of APj such that:

Aj(θ,Ω) = {(x, y)∈A | Hj(θ,Ω)>Hi(θ,Ω) ∀i 6= j}, (5.9)

which is a function of the orientation angles (θ,Ω). With this definition, (5.8) is simplified as

Pr(Z(x, y) = j) = Sj/a
2, where Sj is the area of Aj . Thus, Pr(Z(x0, y0) = j) = Sj/a

2.

Inserting these in (5.7), the probability of handover due to the receiver movement as a function

of (θ,Ω) is obtained as:

Pmov(θ,Ω) =

NAP∑
j=1

(
1− Sj(θ,Ω)

a2

)
Sj(θ,Ω)

a2
. (5.10)

Before presenting the results for handover due to movement, it is instructive to look at the cov-

erage area of each AP in the network and how it changes with orientation angles of the UE.

Figure 5.2 shows a number of example realizations of coverage areas for the four APs consid-

ered in Case Study I, assuming the same simulation parameters in Table 5.1. The coverage areas

Aj , for j = 1, 2, 3, 4, are obtained based on (5.9). It is observed that the coverage areas sig-

nificantly deviate from their square shapes whereby each one covers a quadrant of the network

for θ = 0, compared with figure 5.1.(a). In fact, figure 5.1 reveals how a UE device with given

orientation angles is served by a specific AP in each position of the network. It is also observed

from figure 5.2.(c) and figure 5.2.(d) that there is a blue region which is not covered by any of

the APs. This is because only the LOS connections with the APs are considered.

Figure 5.3 illustrates the handover probability due to the random movement of UE within the
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(a) θ = 30◦ and Ω = 0 (b) θ = 30◦ and Ω = 120◦

(c) θ = 45◦ and Ω = 0◦ (d) θ = 45◦ and Ω = 45◦

Figure 5.2: Coverage areas of the four APs for a number of orientation angles.

network. Here, it is assumed that the UE is initially connected to AP1 (i.e., the UE picks

an initial waypoint from the cyan area as shown in figure 5.2). Also, the angle Ω varies ac-

cording to the direction of movement, assuming that the user keeps the UE device in the di-

rection of movement when traveling between two consecutive waypoints. This means Ω =

tan−1((yn − yn−1)/(xn − xn−1)). Given the value for θ, the handover probability is calcu-

lated by averaging (5.10) for many random realizations of the waypoints. It is observed from

figure 5.3 that the handover probability decreases as the elevation angle increases. The reason

for this is that by increasing θ the attocell coverage areas become asymmetric and as a result

the handover probability decreases. Note that (5.10) is maximized when the coverage area of

all attocells are the same. Further increase of θ, will result in the increase of the blue area (as
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Figure 5.3: Handover probability due to the random movement of UE within the network as a
function of θ for different room lengths.

shown in figure 5.1-(c) and figure 5.1-(d)) which leads to an increase in the handover rate after

a certain point. In other words, the effective areas of other attocells reduce, so according to

(5.10), the handover probability due to movement increases. This is more obvious for smaller

room sizes. As shown in figure 5.3, for a room size of 4 × 4 m2, by increase of the elevation

angle, the handover probability decreases initially, then after θ = 70◦, the handover probability

increases as the area of the blue region increases as well. Note that in Case Study I, it is assumed

that the UE is static and does not move, and figure 5.1 shows the average handover probability

performance in different positions of the network when Ω is uniformly distributed between 0

and 2π. In contrast, here in figure 5.3, since Ω changes in the direction of movement the effect

of Ω is averaged out through the large number of random realizations for different paths that the

UE may take within the network area.

5.2.4 Handover Rate

The handover probability gives an idea for how probable the occurrence of handover is at the

destination, yet it does not show how many handovers may occur while the UE is on the move.

Alternatively, handover rate is a widely used metric in mobile networks to measure how frequent

the handovers occur during the movement, and is used in this section. The handover rate is
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defined as [63]:
H =

E[Nho]

E[Tp]
, (5.11)

whereNho is the number of handovers occurred during the movement; and Tp is the correspond-

ing transition time. The expected number of handovers E[Nho] can be calculated as:

E[Nho] = EX0,Y0

[
EX,Y |X0,Y0 [Nho((X,Y )|(X0, Y0))]

]
, (5.12)

where Nho((X,Y )|(X0, Y0)) denotes the number of handovers occurred between two random

waypoints (X0, Y0) and (X,Y ); EX,Y |X0,Y0 [ ] is the expectation with respect to the conditional

joint PDF of (X,Y )|(X0, Y0); and EX0,Y0 [ ] is the expectation with respect to the joint PDF

of (X0, Y0). Based on the RWP mobility model, the random waypoints (X0, Y0) and (X,Y )

are independent of each other. Therefore, the above conditional expectation reduces to the ex-

pectation with respect to (X,Y ). Also, the joint PDFs of (X0, Y0) and (X,Y ) are given as

fX0,Y0(x0, y0) = fX,Y (x, y) = 1/a2. These simplify (5.12) as:

E[Nho] =
1

a4

∫ a
2

−a
2

∫ a
2

−a
2

∫ a
2

−a
2

∫ a
2

−a
2

Nho((x, y)|(x0, y0))dxdydx0dy0. (5.13)

The transition time in (5.11) is given by Tp = L/v, where v is the constant speed; and L is the

random transition length [63]. The expected transition time can then be obtained as:

E[Tp] =
E[L]

v
=

0.5214a

v
. (5.14)

Case Study II: Handover Rate for θ = 0◦

The angle Ω varies according to the direction of movement. Note that this is the special case

where the UE receiver is oriented vertically upward. The system configuration and simulation

parameters are the same as in Case Study I. Suppose that the UE is initially located in attocell

1. If it moves to either attocell 2 or attocell 4, only one handover occurs, whereas if it moves

to attocell 3, two handovers occur. But if the UE takes its path to attocell 3 via the origin

then only one handover occurs. However, the probability of such an event is zero. Therefore,

Nho ∈ {1, 2}, depending on the choice for destination waypoint. Using (5.13), the expected
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Figure 5.4: Possible cases of handover when a user is moving from cell 3 to other cells.

number of handovers in this case is obtained as:

E[Nho]=
4

a4

(∫ a
2

0

∫ 0

−a
2

∫ a
2

0

∫ a
2

0
dx0dy0dxdy+

∫ 0

−a
2

∫ a
2

0

∫ a
2

0

∫ a
2

0
dx0dy0dxdy+

∫ 0

−a
2

∫ 0

−a
2

∫ a
2

0

∫ a
2

0
2dx0dy0dxdy

)
,

(5.15)

E[Nho] =
4

a4

(
a4

16
+
a4

16
+

2a4

16

)
= 1. (5.16)

In order to make (5.16) more understandable, figure 5.4 shows the possible cases of handover

when a user is moving from an initial waypoint in cell 3 to other cells. As it can be seen, 1, 2, 1

and 0 handovers occur if the destination is in cell 1, cell 2, cell 4 or cell 3, respectively. Hence,

the expected number of handover can be obtained as:

E[Nho] =
1

4
(1 + 2 + 1 + 0) = 1, (5.17)

where the factor 1/4 is because the probability that the UE is going to any other cells is 1/4

including cell 3.

Combining (5.14) and (5.16) with (5.11), the final expression of the handover rate for this special

case is derived as:

H =
1

0.5214a
v. (5.18)

Figure 5.5 shows the handover rate versus the side length a of the network area for different

values of the UE speed. The results are obtained based on (5.18) and verified by Monte-Carlo
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Figure 5.5: Handover rate as a function of room length, a, for θ = 0.

simulations. There are three speed values chosen around the average human walking speed

which is 1.4 m/s [137]. In figure 5.5, the simulation results closely follow (5.18). The handover

rate is decreasing overall, with an increase in the network dimensions. In contrary, as the speed

increases, the handover rate increases. This is more significant when the network dimensions

are smaller. For v = 1.4 m/s, the handover rate is equal to 0.26 in a room of length a = 10 m.

5.2.5 Orientation-based Random Waypoint

In the context of LiFi as well as mmWave cellular networks, the effect of a UE’s orientation

on the performance of the system is significant. In fact, a major change in the UE’s orientation,

whether individually or combined with the mobility of the user, can lead to a handover that would

not normally happen for UEs with a constant orientation. So in order to provide a framework

to analyze the performance of mobile wireless networks more realistically, we need to combine

the conventional RWP with the random orientation model. The ORWP can be modeled as an

infinite sequence of quadruple: {(Pn−1,Pn, vn, θn)}n∈N, where θn is the nth generation of

UE’s polar angle from waypoint Pn−1 to waypoint Pn. More discussions about how to generate

these sequences are presented in the next section and the ORWP is summarized in Algorithm 1.

110



Efficient LiFi Networking in the Presence of User Mobility, Random Orientation and Blockage

Algorithm 1 Orientation-based random waypoint

1: Initialization: n←− 1; k ←− 1;

denote Pn = (xn, yn) as the nth location of UE and P0 = (x0, y0) as the initial UE’s

position;

Nr as the number of runs;

v as the speed of UE;

Tc,θ as the coherence time of the polar angle;

2: for k = 1 : Nr do

3: Choose a random position Pk = (xk, yk)

4: Compute Dk = ‖Pk − Pk−1‖

5: Compute Ω = tan−1
(
yk−yk−1

xk−xk−1

)
6: tmove ←− 0;

7: while tmove ≤ Dkv do

8: Compute Pn = (xn, yn) with

xn = xn−1 + vTc,θ cos Ω and yn = yn−1 + vTc,θ sin Ω

9: Generate θn based on the AR(1) model

10: Return (Pn−1,Pn, v, θn) as ORWP specifications

11: n←− n+ 1

12: tmove ←− tmove + Tc,θ

13: end while

14: if tmove 6= Dn
v − Tc,θ & tmove ≥ bDnv cTc,θ − Tc,θ then

15: Generate θn based on the AR(1) model

16: Pn ←− Pk

17: Return (Pn−1,Pn, v, θn) as ORWP specifications

18: n←− n+ 1

19: end if

20: k ←− k + 1

21: end for
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5.2.5.1 Correlated Gaussian Random Process

As shown in section 4.2, the polar angle for walking activities follows a Gaussian distribution.

The experimental measurements also illustrate that the adjacent samples of the RP, θ, are cor-

related. Therefore, in order to incorporate the orientation with the RWP mobility model, it is

required to generate a correlated Gaussian RP that statistically matches the experimental mea-

surements. Possible ways of generating a correlated Gaussian RP can be found in [138–142]

and references therein. A simple method to generate a correlated Gaussian RP is to pass a white

noise through a LTI filter. A straightforward approach to produce a correlated Gaussian RP with

a desired ACF is the use of the linear autoregressive (AR) model. Let’s denote the white noise

by w, then, after passing it through the LTI filter, the nth time sample of the correlated Gaussian

RP, θ, is given as:

θ[n] = c0 +

p∑
i=1

ciθ[n− i] + w[n], (5.19)

where c0 determines the biased level and ci for i = 1, · · · , p are constant factors of the AR order

of p, AR(p). Note that AR(p) contains p+ 2 unknown parameters including: c0, c1, · · · , cp, σ2
w,

where σ2
w is the variance of white noise RP, w. Here, we assume p = 1 and consider the first-

order AR model to generate the correlated Gaussian RP. Thus, the nth sample of the AR(1)

model can be expressed as:

θ[n] = c0 + c1θ[n− 1] + w[n], (5.20)

where c1 should meet the condition |c1| < 1 to guarantee the RP, θ, is wide-sense stationary.

Noting that for AR(1), the mean, variance and ACF are given as [143]:

E[θ] =
c0

1− c1
, σ2

θ =
σ2
a

1− c2
1

, Rθ(`) = c`1.

Using above equations and noting thatRθ(
Tc,θ
Ts

) = 0.05, we have:

c0 = (1− c1)E[θ], σ2
a = (1− c2

1)σ2
θ , c1 = 0.05

Ts
Tc,θ , (5.21)
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Figure 5.6: Comparison of handover rate as a function of room length, a, for vertically upward
UE and a UE with correlated Gaussian RP for θ.

where Tc,θ and Ts are the coherence time of θ and sampling time, respectively. Once the param-

eters of the AR(1) model are determined, the nth time sample of the correlated Gaussian RP, θ,

can be specified according to (5.20).

Using the method described above, the ORWP is presented in Algorithm 1.

Case Study III: Handover Rate with ORWP

Here, we investigate the effect of the UE’s orientation on the handover rate as a case study.

Figure 5.6 shows the Monte-Carlo simulations of handover rate as a function of room length

for a UE moving at a speed of v = 1 m/s, v = 1.4 m/s and v = 2 m/s. In this simulation

setup, four APs are assumed to divide the network area into four separate quadrants (attocells)

with one AP at the center of each attocell. The UE is assumed to be initially connected to the

corresponding AP denoted as APj for j = 1, 2, 3, 4. We compared a vertically upward UE

(shown by the solid lines in the figure 5.6) with a UE that follows the orientation-based RWP
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(a) SR (b) MDR

Figure 5.7: The SR and MDR structures for hand-held smartphone.

mobility model in which the random orientation of the UE is generated based on the correlated

Gaussian RP (shown by the dotted line). As can be seen from figure 5.6, the handover rate

is decreasing overall with an increase in the network dimensions. On the other hand, as the

UE’s speed increases, the handover rate increases. This is more remarkable when the network

dimensions are smaller. The other observation is that smaller network sizes are more affected by

the random orientation of the UE and it leads to more handover rate. That is, as the room length

is smaller, the gap between the random orientation and vertically upward scenarios are more.

5.3 Multi-directional Receiver Configuration

In the literature, usually it is assumed that one or multiple PDs are placed on one side of the

UE, which can lead to a satisfactory performance level when the UE is placed vertically upward.

This conventional design is shown in figure 5.7-(a). Note that PDs may be placed on the screen

side of the smartphone with configurations other than the one shown in figure 5.7-(a). In this

paper, we assume the configuration shown in figure 5.7-(a) without loss of generality and name

it as the SR. Particularly for MIMO, this design is not favorable because the resulting channel

matrix is likely to be highly ill-conditioned, and also, the probability that all PDs suffer from

poor channel gain at the same time is high.

As we observed in the previous section and also chapter 4, the random orientation and mobility

are two important factors that can affect the system performance. In order to support seamless

connectivity for mobile users with smartphones, here, we introduce a new MDR configuration.
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The MDR configuration can be employed in MIMO optical wireless channels and provides a

significant performance improvement. In the conventional configuration, it is assumed that all

PDs are placed on the screen of a smartphone, as shown in figure 5.7-(a). However, this results

in poor performance due to two issues. First, the resulting channel matrix is likely to have highly

correlated entities because PDs are placed close to each other. Second, it is highly likely that

some of the transmitters are out of the FOV of all PDs since usually the smartphone is held with

an orientation other than upward. These issues are addressed in MDR structure by placing PDs

on the screen and three other sides as shown in figure 5.7-(b). Note that another PD can be

placed at the back and can be activated instead of the one on the screen for situations where the

user is lying on a horizontal surface. We investigate the performance of both structures later. We

refer to the structure in figure 5.7-(a) as the SR. It should be noted that, in either structure, since

the PDs are located at the top of the smartphone, there is a very low probability that they will be

covered by the user’s hand when the smartphone is being used.

5.3.1 SNR and BER

It should be mentioned that the MDR configuration can be evaluated in any MIMO system,

however, in this thesis, we evaluate the performance of MDR using a SM technique which can

provide the spectral and energy efficiency fulfillment of the next generation wireless communica-

tions. Moreover, an important benefit of SM is the absence of interference from other transmitter

units. Furthermore, a full MIMO system is also considered and the performance of MDR and

SR are compared. Following the basic principles of SM, the spatially distributed light sources

are utilized to carry data along with the transmitted signal. In the original SM format [144],

only one light source is turned on at each time instant. Let Na ≤ Nt be the number of used

LEDs, chosen out of Nt LEDs. Thus, by activating only one LED at each channel use, log2(Na)

bits (the spatial information) are transmitted by SM. The transmitted symbol by an individual

LED is also encoded by an M -ary PAM (M -PAM) constellation. Therefore, the spectral effi-

ciency is R = log2(M) + log2(Na) bits/sec/Hz. Note that, unlike spatial multiplexing (i.e., full

MIMO), even one PD can be sufficient for signal detection because only differences between all

possible symbols determine the system performance. This highlights the benefit of SM which is

simple and is capable of potentially satisfying communication requirements when some PDs are
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blocked and not available.

Here, we consider activating one of the available Na LEDs with an M -PAM modulation format,

which results in a total of K = MNa symbols. The intensity levels of M -PAM are given by:

Im =
2Popt

M + 1
m, for m = 1, . . . ,M, (5.22)

where Popt is the average emitted optical power. Therefore, one of the available Na LEDs

transmits one of the M levels at each channel use, and the input vector x = sk, k = 1, ...,K, is

chosen from the columns of the Na×K matrix S = [I1INa I2INa · · · IMINa ], where INa is the

square unity matrix of size Na. At the Rx, Maximum-Likelihood (ML) detection is performed.

An error occurs whenever a transmitted vector s1 is detected mistakenly as another vector s2.

The pairwise error probability (PEP) is defined as [55]:

PEP = Q

(√
STx

4P 2
opt

‖H(s1 − s2)‖2
)
, (5.23)

where STx is the average transmit SNR, and Q(·) is the Q-function. The transmit SNR is defined

as STx = Es
N0

, where Es is the mean emitted electrical energy. Note that in (5.23), sk’s include

Popt. We define the received SNR SRx by considering the received signal energy as the total

received signal energies at all Nr PDs. Therefore, the received SNR can be expressed as [55]:

SRx =
STx

N2
a

Nr∑
i=1

 Na∑
j=1

hi,j

2

. (5.24)

The upper bound on the BER can be derived using the union bound method as [55]:

BER (M,Es,H) ' 1

K log2(K)

K∑
k1=1

K∑
k2=1

dH(bk1 , bk2)Q

(√
STx

4P 2
opt

||H(sk1 − sk2)||2
)
,

(5.25)

where dH(bk1 , bk2) is the Hamming distance between the two bit allocations of bk1 and bk2

corresponding to signal vectors sk1 and sk2 . It has been shown in the literature [55] and later

in this chapter that (5.25) is a tight bound at high SNR. It can be seen from (5.23) and (5.25)

that the error performance of SM directly depends on the channel matrix which determines the
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Parameter Symbol Value Parameter Symbol Value

Receiver FOV Ψ 60◦ Ceiling height hz 3 m
LED half-power semiangle Φ 60◦ Reflectivity factor of walls ρw 0.6

PD responsivity RPD 1 A/W Reflectivity factor of the floor ρf 0.2

Physical area of a PD A 0.25 cm2 Reflectivity factor of the ceiling ρc 0.8

UE height (sitting) hr 0.8 m Length of the blockers Lb 0.7 m
UE height (walking) hr 1.4 m Width of the blockers Wb 0.2 m
Light source height ht 2.95 m Height of the blockers Hb 1.75 m
Room dimensions hx × hy 5 m×5 m UE distance from user dp 0.3 m

Table 5.2: Downlink simulation parameters.

differentiability between signal vectors.

5.3.2 Mobility Evaluation

Performance analysis with consideration of user mobility is crucial in the design of wireless

communication networks. In order to provide a more realistic framework for analyzing the

performance of mobile wireless networks in LiFi, we consider the ORWP mobility model that

was introduced in section 5.2.5, where the elevation angle of the UE is included during user’s

movement. An altered version of ORWP (where α, β and γ are encompassed) is used in this

section to evaluate the system performance metrics (such as received SNR) for mobile users

having several PDs on different sides of the smartphone. The ORWP can be modeled as an

infinite sequence of quadruples,
{

(Pn−1,Pn, vn,Θn)
∣∣∣ n ∈ N

}
, where Θn = (αn, βn, γn) is

a random vector process describing the UE’s orientation during the movement from waypoint

Pn−1 to waypoint Pn. The entities, α, β and γ are random processes. The ORWP is summarized

in Algorithm 2.

It is shown in Section 4.2 that α, β and γ for walking activities follow a Gaussian distribu-

tion with the parameters given in Table 4.1. According to the experimental measurements, the

adjacent samples of the RPs α, β and γ are correlated. Hence, to incorporate the device orien-

tation with the RWP mobility model, a correlated Gaussian RP which statistically follows the

experimental measurements should be generated. It should be noted that the random orientation

process considered here can be applied to any other mobility models. Here, we use the moments
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obtained through experimental measurements. Hence, a first-order AR model is sufficient to be

considered for generating the correlated Gaussian RP as the mean and variance of the produced

samples match the measurement results. The kth sample of the AR(1) model is given as:

α[k] = c0 + c1α[k − 1] + w[k]. (5.26)

To guarantee the RP α is wide-sense stationary, the condition |c1| < 1 should be fulfilled. The

mean, variance and autocorrelation function of AR(1) are given respectively as [143]:

µα =
c0

1− c1
, σ2

α =
σ2
w

1− c2
1

, Rα(k) = ck1.

Note that Rα(
Tc,α
Ts

) = 0.05 where Tc,α is the coherence time of α and Ts is the sampling

time [10]. Using the above equations:

c0 = (1− c1)µα, σ2
w = (1− c2

1)σ2
α, c1 = 0.05

Ts
Tc,α . (5.27)

Then, the kth time sample of the correlated Gaussian RP, α, can be obtained based on (5.26)

and using the parameters of the AR(1) model given in (5.27). The same approach can be ap-

plied to both β and γ to determine the kth time sample of the device orientation, Θn[k] =

(αn[k], βn[k], γn[k]). According to the approach explained above, the ORWP is described in

Algorithm 2.
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Algorithm 2 ORWP for MDR
1: Initialization: n←− 1; k ←− 1;

Denote Pn=(xn, yn) and P0 =(x0, y0) as the nth and initial UE’s positions, respectively;

N as the number of simulation runs; v as the average speed of UE; Tc,α, Tc,β and Tc,γ as

the coherence time of α, β and γ, respectively; Set Tc = min{Tc,α, Tc,β, Tc,γ};

µα, µβ and µγ as the mean and σ2
α, σ2

β and σ2
γ as the variance of Gaussian RPs α, β and γ;

2: for n = 1 : N do

3: Choose a random location Pn = (xn, yn)

4: Compute Dn = ‖Pn − Pn−1‖

5: Compute Ω = tan−1
(
yn−yn−1

xn−xn−1

)
6: tmove ←− 0;

7: while tmove ≤ Dnv do

8: Compute Pk = (xk, yk) with xk = xk−1 + vTc cos Ω and yk = yk−1 + vTc sin Ω

9: Generate Θk = (αk, βk, γk) based on the AR(1) model

10: Return (Pk−1,Pk, v,Θk) as ORWP specifications

11: k ←− k + 1

12: tmove ←− tmove + Tc

13: end while

14: if tmove 6= Dn
v − Tc & tmove ≥ bDnv cTc − Tc then

15: Generate Θk = (αk, βk, γk) based on the AR(1) model

16: Pk ←− Pn
17: Return (Pk−1,Pk, v,Θk) as ORWP specifications

18: k ←− k + 1

19: end if

20: n←− n+ 1

21: end for

5.4 Simulation Results

We consider a typical indoor environment. Although the results may change slightly in other

scenarios, it is expected that the same behavior will be observed provided that the main charac-
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Figure 5.8: Room geometry and transmitters arrangement.

teristics of the environment, such as transmitter separation, the room dimensions and the ceiling

height, etc., do not vary dramatically. Figure 5.8 shows the geometric configuration of the

transmitters which are arranged on the vertexes of a square lattice over the ceiling of an indoor

environment. We use this configuration for the rest of this chapter, where 16 LED transmitters

are considered in a room of 5× 5× 3 m3. Transmitters are oriented vertically downward, while

the receivers may have a random orientation. The rest of the simulation parameters are given in

Table 5.2. It is noted that the FOV is set to 60◦ in this chapter, however, this will not affect the

generality of the results and final conclusions. The dimensions of the smartphone are 14× 7× 1

cm3. As shown in figure 5.7, the PDs on the screen are placed 1 cm from the top edge, one PD

for MDR at the center is considered, and 4 PDs for SR are uniformly distributed. For MDR, the

PD associated with n3 is placed at the center of the corresponding side, and PDs shown by n2

and n4 are placed 1.5 cm from the top edge of the smartphone.
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5.4.1 The Effect of Blockage and Random Orientation

Here, we investigate the effect of low and high density receiver blockage, fixed orientation versus

random orientation, and the effect of the NLOS channel component. The density of a non-user

blocker is denoted by κb. First, an example scenario is considered at the middle of the room

(i.e., location L1 in figure 5.8) with fixed AP allocation with Na = 4 and spectral efficiency

R = 5 bits/sec/Hz. The user direction is Ω = 90◦. The APs are determined by measuring the

received power from each AP, and the strongest Na = 4 APs, i.e., the ones corresponding to the

highest received power at the user position, are selected. The results are shown in figure 5.9 for

both BER approximation in (5.25) (solid lines) and Monte-Carlo simulations (markers). Note

that the statistics of random orientation for sitting activities are used according to Table 4.1 for

Laplace distribution.

It is observed in figure 5.9 that the simulation results match the BER approximation at around

BER ≥ 10−2 for both cases. The performance of both SR and MDR is significantly degraded

when the NLOS channel gains are ignored because it is highly likely that the channel gains

for some of the APs are zero due to blockage or limited FOV. In such a case, the information

will be lost, and the BER saturates at high SNR. The BER approximation (5.25) is not valid

in this case and is not shown in figure 5.9. When the NLOS gain is included, the performance

of MDR is always better than SR with SNR gains up to 12 dB at target BER 3.8 × 10−3.

For SR, the performance with random orientation is slightly worse than the fixed orientation

with blockage parameter κb = 0.2. This happens because the strongest links are chosen at

each random orientation, and in the middle of the room some “good” links are almost always

found which lead to this performance. However, when the blockage parameter is increased, the

BER also degrades for SR. On the other hand, both random orientation and increased blockage

are beneficial for MDR since the induced randomness increases the differentiability between

spatial symbols, which consequently leads to better performance. Overall, it can be seen that

the proposed MDR structure is robust against random orientation and blockage, and exhibits

superior performance compared to the conventional SR.

Another location, L3 in figure 5.8, is also considered with user direction Ω = 180◦. In this

case the user is facing the room and the UE screen is facing the wall. The results are shown
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Figure 5.9: Performance comparison of SR and MDR for UE’s location of L1 and direction of
Ω = 90◦ versus the required SNR, SRX. Marks denote Monte-Carlo simulation
results and solid lines are based on the BER upper bound given in (5.25).

in figure 5.10. In this scenario the effect of the NLOS channel gain is much more significant.

Note that, unlike L1, the channel matrix is non-symmetric at L3, which generally leads to better

performance compared to L1. For SR, both random orientation and higher blockage density

cause worse performance, and this is severe because “good” links are limited in the vicinity of

the walls. Again, MDR outperforms SR in any condition, and demonstrates a robust perfor-

mance against random orientation and blockage. In figure 5.10, the random orientation has a

negligible effect on the performance of MDR, but the link blockage adversely affects the BER

performance. This happens because the channel matrix is already non-symmetric, and blockage

slightly worsens the channel matrix. The results shown in Figs. 5.9 and 5.10 confirm that the
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Figure 5.10: Performance comparison of SR and MDR for UE’s location of L3 and direction of
Ω = 180◦ versus the required SNR, SRX. Marks denote Monte-Carlo simulation
results and solid lines are based on the BER upper bound given in (5.25).

proposed MDR outperforms SR and is robust against random orientation and blockage. How-

ever, the exact performance depends on the user location. This will be investigated later, but first

the effect of AP selection is studied in the next subsection.

5.4.2 AP Selection

In the previous subsection, the number of selected APs was fixed and the APs were selected

based on the received power at the UE location, user direction and UE orientation. It is expected

that the choice of parameter Na can affect the performance of the system with fixed target BER

and spectral efficiency. Therefore, the BER performance of MDR and SR are shown in figure
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Figure 5.11: Performance comparison of SR and MDR for UE’s location of L2 and direction of
Ω = 0◦ versus the required SNR, SRX. Markers denote Monte-Carlo simulation
and solid lines are based on the BER approximation given in (5.25).

5.11 for position L2 (see figure 5.8) with Ω = 0◦ for R = 5 bits/sec/Hz for Na = 1, 4, 16. It

is observed that the BER varies for each choice of Na. For MDR, Na = 16 achieves the best

performance while Na = 1 is the best choice for SR in this specific scenario.

Figure 5.11 is an example which highlights the importance of AP selection. A simple method

is proposed based on this observation, and an adaptive SM (ASM) is defined. The parameter

Na is determined at each user position, direction, and UE orientation in order to select the one

associated with the minimum energy requirement at the target BER 3.8 × 10−3. This simple

method is performed by calculating the required SRX based on BER approximation (5.25) which

is a tight approximation for the target BER.

In order to evaluate the performance of the proposed adaptive SM, the room area is divided
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[dB]

Figure 5.12: Performance comparison of SR and MDR for all UE’s locations and directions in
the room versus the required SNR, SRX.

into uniformly distributed points that are 25 cm apart in x and y directions. At each point,

24 user directions (every 15◦) are used, and 500 random orientation angles are generated for

each user position and direction. The CDF of the required received SNR over the room is

demonstrated in figure 5.12 for MDR and SR structures. Fixed AP numbers of Na = 1 , 4 and

16 are depicted along with the adaptive method, in which the optimum number is determined

from Na ∈ {1, 2, 4, 8, 16} for each user position, direction, and UE orientation. As expected,

the minimum energy consumption is achieved by using this simple adaptive method, and MDR

significantly outperforms SR. However, it can be seen that the CDF of the received SNR for ASM

with the MDR method is close to a fixed Na = 16. This indicates that whenever the complexity

is a limiting factor, fixing Na = 16 can be used for MDR. However, a similar statement is not

applicable to SR.
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Figure 5.13: Performance comparison of SR and MDR for mobile users based on RWP mobility
model versus the required SNR, SRX.

The simple adaptive algorithm used for the sitting scenario before is also incorporated here

in conjunction with the ORWP model. About 500 random waypoints are generated and the

user walks between these points with a constant speed of 1 m/s (the choice of v = 1 m/s is

because of the average walking speed of human [26]). The required received SNRs are calculated

along the user’s route for Na ∈ {1, 2, 4, 8, 16} and the adaptive scheme for a target BER of

3.8×10−3 and spectral efficiency of R = 5 bits/sec/Hz. The results are shown in figure 5.13 for

Na = 1, 4, 16 and ASM. Note that ASM is carried out with the choice of Na ∈ {1, 2, 4, 8, 16}

for each channel realization. It can be seen that once again the MDR method significantly

improves the performance. The ASM for SR does not change the required SNR value compared

to Na = 1, and therefore, Na = 1 is almost optimal for SR in the walking scenario. However,

MDR with ASM improves the performance by about 2 dB as compared to a fixed Na = 16.

126



Efficient LiFi Networking in the Presence of User Mobility, Random Orientation and Blockage

[dB]

Figure 5.14: Performance comparison of SR and MDR for mobile users with ASM and full
MIMO utilization versus the required SNR, SRX.

In figure 5.14, the CDF of the required received SNR is simulated for ASM for MDR and SR for

two different spectral efficiency values, namely, R = 4 and 8 bits/sec/Hz. Moreover, a 4× 4 full

MIMO (i.e., spatial multiplexing) is also considered with both structures. For the full MIMO,

the strongest 4 APs are selected for each channel realization, and the required received SNR is

calculated using the union bound method for the BER approximation [55]. Interestingly, it is

observed that the proposed ASM method outperforms the full MIMO system. As expected, a

higher spectral efficiency demands more received SNR in any case. However, by using MDR,

R = 8 bits/sec/Hz can be achieved at similar SNRs compared to SR with R = 4 bits/sec/Hz at

the target BER. This confirms the advantage of using MDR. By increasing the spectral efficiency,

the difference between the ASM and full MIMO system reduces. Clearly, the full MIMO system

also benefits from the improved channel condition in MDR. Thus, in high spectral efficiencies
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the full MIMO can be the adopted modulation scheme as it uses spatial degrees of freedom more

efficiently [145].

5.5 Summary

Handover performance for indoor LiFi cellular networks was evaluated. It was found that the

receiver rotation and user mobility have a significant effect on the handover performance. Then,

the effects of mobility, random orientation and blockage on indoor optical MIMO were investi-

gated while adopting a channel model derived from real-life measurements. A new user device

configuration, called MDR was proposed to overcome the problems such as random device ori-

entation, blockage and high channel correlation. In addition, an adaptive SM scheme based on

AP selection for downlink was proposed to reduce power consumption with the consideration of

random device orientation, mobility and blockage. It was shown that MDR structures provide a

superior performance in terms of SNR, BER and energy efficiency and significantly outperform

their counterpart SR configurations.
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Chapter 6
Conclusions, Limitations and Future

Research

6.1 Summary and Conclusions

In this research thesis, an analysis of user mobility and device orientation in LiFi networks to

support seamless connectivity was presented. It was observed that LiFi channels are relatively

deterministic. This feature permits the users to not only transmit a low amount of feedback to

the AP but also transmit the feedback information infrequently. The lack of a proper model for

device orientation motivated us to carry out a set of experimental measurements to provide a

new model for device orientation. In this thesis, the orientation model was assessed in a LiFi

network and its effect has been evaluated on the LOS channel gain, SNR and BER. It should

be noted that this model can be also used in mmWave networks as the device orientation can

affect the user’s QoS. It was shown that besides user mobility, device orientation is also one of

the main factors of handover in a LiFi network. In order to provide a more realistic mobility

model for LiFi systems, we proposed the ORWP mobility model that includes the random de-

vice orientation during the user’s movement. An analysis of handover with user mobility, device

orientation and the ORWP model was presented in this research. Finally, an MDR configuration

was proposed to address the challenges of user mobility, device orientation and link blockage.

The robustness of the MDR configuration was confirmed and it can be considered as a promising

solution to provide seamless connectivity in LiFi networks. In summary the three main findings

of this research thesis are mentioned as follow.

• Reducing the amount of feedback in LiFi networks to improve bidirectional user throughput.

Specifically, two limited-feedback mechanisms called LCF and LFF are proposed. The former

is based on reducing the content of feedback information while the latter is based on the update

interval.

• Providing a model for device orientation supported by experimental measurements. The statis-
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tics of device orientation for both sitting and walking activities are derived. This allows us to

calculate the statistics of channel gain and SNR in LiFi systems.

• Supporting seamless connectivity in LiFi networks in the presence of user mobility, device ori-

entation and blockers in the environment. A new configuration called MDR structure to support

seamless connectivity is proposed. In MDR, PDs are placed on different sides of a smartphone.

The performance of MDR is compared with the conventional configuration in which the PDs are

located on one side of a smartphone, e.g., on screen side.

In chapter 2, the relevant background related to LiFi channels and networks was presented. We

first provided a brief introduction and history of VLC and LiFi systems. Then, the LiFi channel

model was described, which included the effect of both front-end elements and the effect of an

indoor LiFi channel. The LOS and NLOS gains have been explained and an analysis of noise

encompassing shot noise and thermal noise have been presented. O-OFDM, which is an effective

way of combating the ISI in LiFi networks, was described. DCO-OFDM and ACO-OFDM as

two of the most well-known and common types of O-OFDM were explained. The basic concept

of LiFi cellular networks and attocells were provided. Then, TDMA and OFDMA as the most

common multiuser access techniques in the downlink and CSMA/CA as a promising option

for the uplink were described. The concept of handover was explained, and different types of

handover were discussed. Finally, factors which can affect the user throughput in a LiFi system

such as user mobility, device orientation and blockage were explained.

In the third chapter, a modified CSMA/CA for uplink was proposed, in which the AP transmits

a CB tone to inform other users that the channel is already occupied. It was shown that the

CB tone can alleviate the problem of severe hidden nodes in LiFi networks. Then, based on

the relatively deterministic feature of LiFi channels, two methods for reducing the feedback

cost were proposed: i) the LCF scheme, and ii) the LFF method. The former was based on

reducing the content of feedback information by only sending the SINR of the first subcarrier

and estimating the SINR of other subcarriers at the AP. The latter was based on the less frequent

transmission of feedback information. The optimal update interval was derived, which results in

a maximum expected sum-throughput of uplink and downlink. The effect of different parameters

on the optimum update interval was studied. It was also shown that the proposed LCF and

LFF schemes provide better sum-throughput while transmitting a lower amount of feedback
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compared to the practical one-bit feedback method.

In chapter 4, a new model for device orientation based on the experimental measurements was

proposed. The experimental measurements were taken from 40 participants creating 222 datasets

for device orientation. It was shown that the PDF of the polar angle follows a Laplace distribu-

tion for static users while it is better fitted to a Gaussian distribution for mobile users. A similar

observation was confirmed through PDF fitting and KSD test for the elemental rotation angles,

i.e., α, β and γ. We proposed an approximation PDF using the truncated Laplace distribution

and the accuracy of this approximated method was confirmed by using the KSD test. The LOS

channel gain statistics were calculated. Then, we analyzed the device orientation and assessed

its importance on channel gain. The PDF of SNR for a randomly-orientated device was derived,

and based on the derived PDF, the BER performance of DCO-OFDM in AWGN channels with

a randomly-orientated UE was evaluated. An approximation for the average BER of randomly-

oriented UEs was calculated that closely matches the exact one. The role of the CE angle that

guarantees having LOS link in the UEs FOV was investigated. Furthermore, the impact of being

optimally tilted towards the AP on the BER performance was shown. Finally, the channel gain

was described as a random process for which the coherence time was discussed.

In the fifth chapter, handover modeling for indoor LiFi cellular networks was proposed. We

investigated the effect of both user mobility and device orientation on the handover probability

and handover rate. It was found that the receiver orientation has a significant effect on the han-

dover performance. By means of the AR(1) model, a new ORWP mobility model was proposed

that considers the random orientation of a device during user’s movement. Then, to support

seamless connectivity, a new user device configuration, called MDR was proposed, in which

the photodiodes are located on different sides of the UE. The effects of mobility, random ori-

entation and blockage on the received SNR and BER performance of the MDR configuration

in MIMO systems were investigated while adopting a channel model based on the experimental

measurements of device orientation. In addition, an adaptive SM scheme based on AP selection

was proposed to overcome the effect of random orientation and blockage and to reduce power

consumption. It was shown that MDR provides superior performance in terms of SNR and BER,

and significantly outperforms its counterpart SR configuration.
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6.2 Limitations and Future Research

In chapter 3, the feedback information is assumed to be the SINR at the receiver. However, other

metrics such as interference level, user location and/or device orientation may be also considered

as the feedback information. It is noted that the major factor for update interval calculation is

the user mobility and that is why the device orientation and blockage are not considered. LFF

with random orientation and blockage is another topic for future research. Furthermore, the

combination of the LCF with the update interval can be considered as another topic of future

studies.

In chapter 4, since there is no built-in LiFi receiver in smartphones yet, we had to start one step

behind by measuring and analyzing the device orientation and its statistics. However, a future

vision would be measuring the channel gain with random orientation of the device, once a LiFi-

enabled smartphone is available. Developing a framework for analyical derivations of NLOS

channel gain statistics is also one of the other future research study. In fact, using the frequency

domain analysis as explained in chapter 2, the statistics of infinite number of reflection orders

can be obtained. Next, to have a vision about the similarity of the analysis and experimental

measurements, one can also plan to measure the NLOS channel gain through the experiments.

Moreover, the combination of LOS and NLOS statistics can provide an accurate model for SNR

and BER analysis, which can be compared with the experimental measurements of the SNR and

BER. This could also be a future research topic.

It is noted that even though we considered DCO-OFDM for analysis of BER, the methodology

could be readily extended to other modulation schemes, which could be the focus of future

studies. Furthermore, other performance metrics such as outage probability, throughput and

users quality of service can also be assessed under random device orientation.

In chapter 5, the extended analysis of the RSI-based and bandwidth-based handover mechanisms

in LiFi networks can be considered for future research. Soft-handover protocols can further help

to improve seamless connectivity. Therefore, development of a new handover protocol based on

soft-handover mechanisms that can reduce the ping-pong effect due to random orientation for

cell-edge users is another future perspective.

Regarding the MDR configuration, a future extension could be a joint optimization of the uplink

and downlink, especially if the channel gains are available at the transmitter. On the other hand,
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recall that the performance of MDR in this thesis was investigated for an indoor communication

system. Therefore, the validity of the obtained results for outdoor environments should also

be considered in future work. Moreover, incorporating the multiuser scenario and SM will be

another direction that one can explore for future studies. The optimum locations of the PDs on

the sides of smartphone can be also considered as another research topic.
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Appendix A

Proof of Required Number of
Subcarriers

According to the RWP mobility model, the UE is initially located at P0 with the distance r0

from cell center. The scheduler at the AP is supposed to allocate the resources to the UEs as

much as they require. Thus, the achievable data throughput of the UE at t = 0 is equal to the

requested data rate, i.e., R(0) = Rreq. Hence, kreq can be obtained by solving the following

equation:
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(A.1)

The above equation is a quadratic equation and it has two roots where the acceptable kreq can be

obtained as follows:

137



Proof of Required Number of Subcarriers

kreq =

log2

(
G

(h2 + r2
0)m+3

)
Bd,n

Kf0 log2e
−1

−
√√√√√√√
1− log2

(
G

(h2 + r2
0)m+3

)
Bd,n

Kf0 log2e


2

− 4Rreq

1
f0

(
Bd,n

K

)2
log2e

2
.

(A.2)

If Rreq � f0
4 log2

(
G

(h2+r20)m+3

)
, the approximate number of required subcarriers is:

kreq
∼=

KRreq

Bd,n log2

(
G

(h2 + r2
0)m+3

) . (A.3)

With the parameters given in Table 3.2, the constraint on the requested data rate would be

Rreq << 350 Mbps.
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Proof of Update Interval

The optimal solution of the optimization problem (OP) given in (3.16) can be obtained by finding

the roots of its derivation that is
∂Er0,θ̂[T ]

∂tu
= wu

∂Er0,θ̂[Ru]

∂tu
+ wd
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Hence, the root of Er0,θ̂[
∂T
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] = 0 will be the same as the root of
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= 0.

Using the Leibniz integral rule the derivation of (3.21) can be obtained as:
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Using the sum of inverse tangents formula, tan−1(a) + tan−1(b) = tan−1
(
a+b
1−ab

)
, (B.2) can
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be further simplified as:
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This is the exact derivation of the average uplink achievable throughput respect to tu, how-

ever, for vtu � h, this equation can be further simplified. Substituting r(tu) = (r2
0 + v2t2u −

2r0vtu cos θ̂ + h2)1/2 in logarithm term, ignoring the small terms and using the approximation

ln(1 + x) ∼= x for small values of x, we arrive log2
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. Considering the rule of small-angle approximation for inverse tangent, it can also

be approximated by its first two terms of Taylor series as tan−1(x) ∼= x − x3/3 for small x.

Noting that tfb � tu, the approximate derivation is given as follows:
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Using the Leibniz integral rule to calculate the derivation of the average downlink through-

put, and the sum of inverse tangents formula to simplify it, the derivation of average downlink

throughput is given as:
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This is the exact derivation of average downlink achievable throughput respect to tu, however,

using the approximation rules for vtu � h, the well-approximated derivation is given as follows:
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The exact optimum time, tu,opt, can be obtained numerically by solving (3.25) after substituting
∂Rd
∂tu

and ∂Ru
∂tu

given in (B.2) and (B.5). However, we can approximately obtain a closed form

for optimum update interval denoted as t̃u,opt by using (B.4) and (B.6). Taking into account that

vtu � h the closed form solution for optimum update interval is given as:
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Appendix C
Proof of PDF of cosψ Case 2

(The derivations of this appendix are taken from our paper [10].)

For case 2, we need the intervals of the domain of cosψ such that the transformation (4.10) is

one-to-one. Using (4.10) and (4.15), we have two intervals which are g(0) < cosψ < g(θ∗) and

g(π2 ) < cosψ ≤ g(θ∗). The inverse functions are denoted by:
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(C.1)

Note that both the inverse functions have the same Jacobian of the transformation which is

|J | = 1/
√
a2 + b2 − cos2 ψ. (C.2)

Combining the Jacobian of transformation, (4.4), and (C.1), we get (C.3). Therefore, the PDF

of cosψ can be expressed as in (C.3a) for g(0) ≤ g(π2 ) or in (C.3b) for g(π2 ) < g(0), which are

given at the top of the next page. Note that for a ≥ 0, ssf =
√
a2 + b2 ≤ 1.
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Appendix D
Proof of the PDF of LOS Channel Gain

The CDF of the LOS channel gain, H = H0 cosψ/dm+2rect
(
ψ
Ψc

)
is given as:
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(D.1)

with the support range of hmin ≤ ~ ≤ hmax. Then, the corresponding PDF can be obtained as

follows:
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(D.2)

where in the last equation, we define hn , H0/d
m+2. The Dirac delta function comes out due

to the discontinuity of CDF given in (D.1) at ~ = 0. To ensure that the
∫ hmax

hmin
fH(~)d~ = 1, the

normalizing factor should be cN = 1. This completes the proof of (4.23).
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Appendix E
Proof of Critical Elevation Angle

Recalling that cosψ = d · n′u/d, replacing for d = [xa − xu, ya − yu, za − zu]T and n′u =

[sin θ cosω, sin θ sinω, cos θ]T and also noting that ω = Ω + π, we have:

cosψ =
(xu − xa)sin θ cos Ω + (yu − ya)sin θ sin Ω− (zu − za)cos θ√

(xu − xa)2 + (yu − ya)2 + (zu − za)2

=

√
(xu − xa)2+ (yu − ya)2 sin θ cos

(
Ω− tan−1

(
yu − ya

xu − xa

))
− (zu− za)cos θ√

(xu − xa)2 + (yu − ya)2 + (zu − za)2
.

(E.1)

For a given location of user equipment (UE) and a fixed angle of Ω, by using the simple triangular

rules, cosψ can be represented as:

cosψ =λ1 sin θ + λ2 cos θ =
√
λ2

1 + λ2
2 cos

(
θ − tan−1

(
λ1

λ2

))
, (E.2)

where λ1 and λ2 are given as:

λ1 =

√
(xu − xa)2+(yu − ya)2 cos

(
Ω− tan−1

(
yu−ya
xu−xa

))
√

(xu − xa)2 + (yu − ya)2 + (zu − za)2
,

λ2 =
(za − zu)√

(xu − xa)2 + (yu − ya)2 + (zu − za)2
.

(E.3)

According to the definition of critical elevation angle, if θ = θce, then, cosψ = cos Ψc. There-

fore, (E.2) results in:

θce = cos−1

(
cos Ψc√
λ2

1 + λ2
2

)
+ tan−1

(
λ1

λ2

)
. (E.4)

This completes the proof of the derivation of CE angle.
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Appendix F
Proof of Proposition

For a given location of UE and a fixed elevation angle, one other representation of cosψ given

in (E.1) would be as a function of Ω:

cosψ=κ1 cos

(
Ω− tan−1

(
yu − ya

xu − xa

))
+ κ2 , Λ(Ω), (F.1)

where the coefficients κ1 and κ2 are given as:

κ1 =

√
(xu − xa)2 + (yu − ya)2

d
sin θ, κ2 =

(za − zu)

d
cos θ. (F.2)

Note that since θ ∈ [0, 90] and za > zu, we have κ1 ≥ 0 and κ2 ≥ 0. As mentioned for

θ = θce, we have cosψ = cos Ψc. Then, solving Λ(Ω) − cos Ψc = 0 for Ω, the roots are

Ωr1 = min{Ω1,Ω2} and Ωr2 = max{Ω1,Ω2}, where Ω1 and Ω2 are given as follow:

Ω1 = cos−1

(
cos Ψc − κ2

κ1

)
+tan−1

(
yu − ya

xu − xa

)
,

Ω2 = − cos−1

(
cos Ψc − κ2

κ1

)
+tan−1

(
yu − ya

xu − xa

)
.

(F.3)

Using the sinuous function properties if Λ(Ω) ≤ 0 for Ω ∈ [Ωr1,Ωr2], then the derivative

of Λ(Ω) at Ω = Ωr1 is negative, i.e., ∂Λ(Ω)
∂Ω |Ω=Ωr1 < 0. For simplicity of notation, let’s denote

Λ′(Ω) = ∂Λ(Ω)
∂Ω . Using (F.1), we have Λ′(Ω) = −κ1 sin

(
Ω− tan−1

(
yu−ya
xu−xa

))
+κ2. Therefore,

the range ofRΩ,θ that guarantees Λ(Ω) > 0 would be [0,Ωr1)
⋃

(Ωr2, 360]. Similarly, if Λ(Ω) ≥

0 for Ω ∈ [Ωr1,Ωr2], then the derivative of Λ(Ω) at Ω = Ωr1 is positive, i.e., ∂Λ(Ω)
∂Ω |Ω=Ωr1 > 0.

Consequently, in this case the range of RΩ,θ that ensures Λ(Ω) > 0 would be [Ωr1,Ωr2]. This

completes the proof of Proposition.
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Appendix G
Proof of BER Approximation

Substituting (4.37) and (4.39) into (4.38), we have:

P̄e = c0

∫ smax

smin

Q

(√
3s

M − 1

)
1√
s

exp

(
−|
√
s−
√
S0µH|√

S0bH

)
ds

+ cHcM

∫ smax

smin

Q

(√
3s

M − 1

)
δ(s)ds

(G.1)

with c0 and cM given as:

c0 =
cM

2bH
√
S0

(
2− exp

(
−hmax−µH

bH

)) ,
cM =

4

log2M

(
1− 1√

M

)
.

(G.2)

Note that if smin = 0, the second integral in (G.1) is cHcMQ(0) = cHcM
2 , and referring to the

definition of cH, it is zero for smin > 0. Thus, the second integral can be expressed as cHcM
2

and we need to simplify the first integral. For simplicity of notation, let define c1 =
√

3
M−1 ,

c2 =
√
S0µH and c3 =

√
S0bH. Furthermore, let x =

√
s, thus, the first integral in (G.1) can be

rewritten as:∫ √smax

√
smin

Q(c1x)e
− |x−c2|

c3 dx

=


∫ √smax√

smin
Q(c1x)e

−x−c2
c3 dx, c2 ≤

√
smin

∫ c2√
smin

Q(c1x)e
x−c2
c3 dx+

∫ √smax

c2
Q(c1x)e

−x−c2
c3 dx,

√
smin < c2 ≤

√
smax

,

(G.3)

The right side of (G.3) is based on the behavior of PDF of SNR. It can be either single exponen-

tial (if c2 ≥
√
smin) or double exponential (if

√
smin < c2 ≤

√
smax), for example, see results
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Proof of BER Approximation

shown in Fig. 4.11. Noting that∫
Q(c1x)e

x
c3 dx = c3e

x
c3Q(c1x) +

c3

2
e

1

4c21c
2
3

(
1− 2Q

(
c1x−

1

2c1c3

))
,

also for given values of c1, c2 and c3, we have Q(c1c2) ≈ Q(c1
√
smax) and also since µH >>

bH, then, e−
c2
c3 ≈ 0. Hence, P̄e can be approximated by:

P̄e ≈


−c0c3 + cHcM

2 , c2 ≤
√
smin

2c0c3Q(c1c2)

(
2− e

c2−
√
smax
c3

)
+ cHcM

2 ,
√
smin < c2 ≤

√
smax

. (G.4)

By substituting for the values of c0, c1, c2, c3 and noting that
√
smin =

√
S0hmin and

√
smax =

√
S0hmax (G.4) can be rewritten as:

P̄e≈



−
2

log2M

(
1− 1√

M

)
e

µH − hmin

bH(
2− exp

(
−hmax − µH

bH

)) +
cHcM

2
, µH ≤ hmin

4
(

1− 1√
M

)
log2M

Q

(√
3S0µ

2
H

M − 1

)
+
cHcM

2
, hmin < µH ≤ hmax

. (G.5)

This completes the proof of (4.40).
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